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Abstract 
Birds perform many types of migratory movements that vary remarkably both 
geographically and between taxa. Nevertheless, nomenclature and definitions of avian 
migrations are often not used consistently in the published literature, and the amount of 
information available varies widely between taxa. Although comprehensive global lists of 
migrants exist, these data oversimplify the breadth of types of avian movements, as 
species are classified into just a few broad classes of movements. A key knowledge gap 
exists in the literature concerning irregular, small-magnitude migrations, such as irruptive 
and nomadic, which have been little-studied compared with regular, long-distance, to-and-
fro migrations. The inconsistency in the literature, oversimplification of migration categories 
in lists of migrants, and underestimation of the scope of avian migration types may hamper 
the use of available information on avian migrations in conservation decisions, extinction 
risk assessments and scientific research. In order to make sound conservation decisions, 
understanding species migratory movements is key, because migrants demand 
coordinated management strategies where protection must be achieved over a network of 
sites. In extinction risk assessments, the threatened status of migrants and non-migrants is 
assessed differently in the International Union for Conservation of Nature Red List, and the 
threatened status of migrants could be underestimated if information regarding their 
movements is inadequate. In scientific research, statistical techniques used to summarise 
relationships between species traits and other variables are data sensitive, and thus 
require accurate and precise data on species migratory movements to produce more 
reliable results. It is in this context that this thesis aims to provide more clarity regarding 
types of avian movements and how to systematically gather and produce data on bird 
migrations. 
In Chapter 1, I explain in more detail the importance of avian migrations, the gaps in the 
existing literature, and the need to understand avian migrations and account for these 
movements in a range of applications. 
In Chapter 2, I take a holistic approach to review and reinterpret terminologies and 
definitions on avian migrations from a vast literature, to build a new movement typology 
framework. Using this typology, movements of avian taxa can be classified into six primary 
classes, such as to-and-fro, irruptive and nomadic migrations, and 16 secondary classes 
that are qualifiers of the primary classes, like dispersive, altitudinal and differential. I 
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exemplify the use of the typology globally by assessing the movements of 13 bird species 
from different taxa and regions, and regionally by assessing the movements of 33 taxa of 
cuckoos in Australia. 
In Chapter 3, I use the typology from Chapter 2, together with a suite of geoprocessing 
techniques to build the most comprehensive and detailed dataset on migratory movements 
of global bird species (n=10,596) to date. The dataset includes 56 variables on avian 
movement types and magnitude, their mobility modes, location of occurrence and range. I 
also present the results of validations to test the quality of the data. 
In Chapter 4, I explore how presence data, which are already abundant and still rapidly 
growing for birds, can help us understand migration. I develop the seasonality index, an 
indicator of spatial and temporal variation in presence data, which could be reflecting 
species migratory movements. I calculate this index for 2368 species of the Western 
Hemisphere from eBird, the single largest citizen science program for birds. As expected, 
the presence of seasonality was high within to-and-fro and irruptive migrants (91 of 92 
species) and random within nomadic and undefined migrants, partial migrants, and 
species with insufficient data (49% of the species). However, contrary to what was 
expected, a significant number of resident species presented seasonality (57% of the total 
number of residents). I highlight the need to further investigate the possibility that cryptic 
migrations are actually present within some of these ‘resident’ species. 
In Chapter 5, I explore bias in effort applied to collecting avian presence data globally 
using a dataset of more than 500 million records from over 11,000 species (including 
migrants and non-migrants). I obtain this dataset from the Global Biodiversity Information 
Facility, the largest single repository of avian presence data, which includes data from 
eBird and many other programs. The results showed that effort is correlated with 21 
socioeconomic and biophysical variables, and I discuss ways to minimise spatial bias and 
ways to account for bias in existing data through statistical approaches. 
In Chapter 6, I provide a general discussion of the research undertaken in chapters 2 to 5 
to explain their linkages, limitations, ideas for future work and pathway to impact. 
 iii 
Declaration by author 
This thesis is composed of my original work, and contains no material previously published 
or written by another person except where due reference has been made in the text. I 
have clearly stated the contribution by others to jointly-authored works that I have included 
in my thesis. 
I have clearly stated the contribution of others to my thesis as a whole, including statistical 
assistance, survey design, data analysis, significant technical procedures, professional 
editorial advice, financial support and any other original research work used or reported in 
my thesis. The content of my thesis is the result of work I have carried out since the 
commencement of my higher degree by research candidature and does not include a 
substantial part of work that has been submitted to qualify for the award of any other 
degree or diploma in any university or other tertiary institution. I have clearly stated which 
parts of my thesis, if any, have been submitted to qualify for another award. 
I acknowledge that an electronic copy of my thesis must be lodged with the University 
Library and, subject to the policy and procedures of The University of Queensland, the 
thesis be made available for research and study in accordance with the Copyright Act 
1968 unless a period of embargo has been approved by the Dean of the Graduate School.  
I acknowledge that copyright of all material contained in my thesis resides with the 
copyright holder(s) of that material. Where appropriate I have obtained copyright 
permission from the copyright holder to reproduce material in this thesis and have sought 
permission from co-authors for any jointly authored works included in the thesis. 
  
 iv 
Publications included in this thesis 
No publications included. 
 
Submitted manuscripts included in this thesis 
No manuscripts submitted for publication. 
 
Other publications during candidature 
Peer reviewed paper 
Gama, V.F., Martensen, A.C., Ponzoni, F.J., Hirota, Ribeiro, M.C. (2013) Site selection for 
restoration planning: A protocol with landscape and legislation based alternatives. 
Brazilian Journal of Nature Conservation: 11 (2), 1–12. Available from: 
doi:10.4322/natcon.2013.025 
Conference abstracts 
Gama, V.F., Morena Mills, Fuller R.A., Blomberg S.P., Szabo J.K., Possingham H.P. 
(2014) Are migratory birds more threatened than non-migrants? Ecological Society of 
Australia National Conference, Alice Springs Convention Centre. 
Gama, V.F., Morena Mills, Fuller R.A., Szabo J.K., Blomberg S.P., Possingham H.P. 
(2015) How does data availability bias the extinction risk assessments of migratory birds? 
Australasian Ornithological Conference, Flinders University, Adelaide, South Australia. 
Gama, V.F., Morena Mills, Fuller R.A., Blomberg S.P., Possingham H.P. (2015) Detecting 
species migration status is key to inform conservation decisions. The ARC Centre of 
Excellence for Environmental Decisions Conference, The Australian National University, 
Canberra. 
 v 
Contributions by others to the thesis  
Chapters 2 — 5 are based on manuscripts prepared for publication in collaboration with 
other authors. I have mostly retained the text in these chapters consistent with their 
published or manuscript forms, including the use of the plural first-person pronoun “we”. In 
Chapters 1 and 6, I use the first-person pronoun “I” to introduce and synthesise Chapters 
2 — 5. I refer to my own work by chapter number (e.g. Chapter 2). 
Chapter 1: This chapter was written by the Candidate, with editorial input from Hugh 
Possingham, Morena Mills, Richard Fuller and Simone Blomberg. 
Chapter 2: The Candidate and Judit Szabo conceived the project. The Candidate 
performed the literature review and wrote the manuscript with editorial input from 
Alexander Lees, Hugh Possingham, Judit Szabo, Morena Mills, Richard Fuller and Simone 
Blomberg. 
Chapter 3: The Candidate conceived the concept of the paper, performed the literature 
search, analysis and wrote the manuscript. Judit Szabo validated the results. Hugh 
Possingham, Judit Szabo, Richard Fuller, Morena Mills and Simone Blomberg contributed 
to revising and improving the manuscript. 
Chapter 4: The Candidate and Hawthorne Beyer conceived the idea for the paper and 
developed the analysis. The Candidate interpreted the results and wrote the chapter with 
input from Alexander Less, Hawthorne Beyer, Hugh Possingham, Richard Fuller, Morena 
Mills and Simone Blomberg. 
Chapter 5: The Candidate, Alexander Lees and Hawthorne Beyer conceived the idea for 
the paper. Hawthorne Beyer developed the analysis and the Candidate interpreted the 
results. The Candidate wrote the chapter with input from Alexander Less, Hawthorne 
Beyer, Hugh Possingham, Judit Szabo, Richard Fuller, Morena Mills and Simone 
Blomberg. 
Chapter 6: This chapter was written by the Candidate, with editorial input from Hugh 
Possingham, Morena Mills, Richard Fuller and Simone Blomberg.
 vi 
Statement of parts of the thesis submitted to qualify for the award of another degree 
No works submitted towards another degree have been included in this thesis. 
 
Research Involving Human or Animal Subjects  
No animal or human subjects were involved in this research. 
 vii 
Acknowledgements 
I have undergone this PhD under many constraints and through several adversities, and I 
am immensely grateful to my primary supervisor, Hugh Possingham, for having always 
believed I could do it. Had you ever said or showed any doubt, I would have probably 
given up, and you never did, not even a little bit. Thank you! 
I also would like to thank my other brilliant supervisors and co-authors. Morena Mills and 
Judit Szabo, two amazingly productive researchers, who also gave me unconditional 
support through my PhD. Both of them were always promptly available to brainstorm ideas 
with me and give feedback on what I wrote. You are so fast and smart! I look up to the two 
of you! Hawthorne Beyer and Alexander Lees, two exceptionally clever researchers, who 
were always willing to share their ideas with me, and have also given so much of their time 
to give me help. Thank you so much for sharing your ideas and time with me! Simone 
Blomberg and Richard Fuller, each time you gave me feedback, my work reached a whole 
new level, thank you so much. I wholly admire your insights and intellect! 
This work would not have been possible without the contribution of my partner and some 
colleagues, who either enlightened me with insightful conversations or gave their time to 
help me write codes or review my manuscripts. Thank you so much Tobias Smith, Milton 
Cezar Ribeiro, Micheli Duarte, Jeffrey Hanson, Rob Clemens, Eduardo Arraut, Alfredo 
Pereira, Francisca Pereira, Cibele Teixeira, Pedro Valle, Marília Lignon, Rogério Marinho, 
Glenn Ehmke, Carla Archibald, Maina Abdui, Karen Mustin, Mauro Assis, Patrik Drhlík and 
Rowena McDonald. 
Finally, an enormous thank you to my family and friends for the unconditional love and 
support. 
Financial support 
This work was supported financially by a scholarship from Coordenação de 
Aperfeiçoamento de Pessoal de Nível Superior (CAPES; Education Department of Brazil), 
a BirdLife Australia Stuart Leslie Award, and a Centre of Excellence in Environmental 
Decisions (CEED) grant.  
 viii 
Keywords 
Short-distance migration, irregular migration, intratropical migration, migration typology, 
nomadic migration, irruptive migration, citizen science, bias, effort, presence-only data, 
data sharing. 
 
Australian and New Zealand Standard Research Classifications (ANZSRC) 
ANZSRC code: 050202, Conservation and Biodiversity, 40%  
ANZSRC code: 050206, Environmental Monitoring, 20% 
ANZSRC code: 060201, Behavioural Ecology, 40%  
 
Fields of Research (FoR) Classification 
FoR code: 0501, Ecological Applications, 25% 
FoR code: 0502, Environmental Science and Management, 25% 
FoR code: 0602, Ecology, 50% 
   
 ix 
Dedications 
To my daughter and partner. 
Everything that I do is for you. 
I love the two of you to all places and back. 
Thank you for bringing so much joy to my life :) 
  
 x 
Table of Contents 
 
 
1	 Thesis	introduction	................................................................................................................	1	
1.1	 The	significance	of	bird	migrations	...............................................................................................	1	
1.2	 Key	questions	and	workflow	of	chapters	......................................................................................	5	
2	 A	comprehensive	typology	of	avian	migration	.......................................................................	8	
2.1	 Abstract	.......................................................................................................................................	8	
2.2	 Introduction	.................................................................................................................................	8	
Literature	and	lists	on	bird	migration	........................................................................................................	8	
A	comprehensive,	flexible	and	inclusive	typology	....................................................................................	9	
Defining	migratory	and	non-migratory	movements	...............................................................................	11	
Overview	of	the	classes	included	in	this	typology	...................................................................................	12	
New	and	reinterpreted	terminology	.......................................................................................................	15	
Spatial	scale	.............................................................................................................................................	16	
2.3	 Typology	classes:	descriptions	and	examples	.............................................................................	17	
Primary	classes	........................................................................................................................................	17	
Secondary	classes	....................................................................................................................................	24	
2.4	 Movements	performed	by	birds	regardless	of	their	migratory	status	.........................................	34	
2.5	 Methods:	applying	classes	to	species	.........................................................................................	36	
Global	assessment	...................................................................................................................................	36	
Regional	assessment	of	Australian	cuckoos	............................................................................................	44	
2.6	 Discussion	..................................................................................................................................	48	
Accounting	for	small-magnitude	and	irregular	migrations	.....................................................................	48	
Diversity	of	migration	and	thresholds:	quantitative	and	qualitative	......................................................	49	
Terminology	used	in	this	typology	and	in	other	sources	........................................................................	50	
Justification	of	the	classes	included	in	this	typology	...............................................................................	51	
Global	and	regional	case	studies	.............................................................................................................	52	
Highlighting	the	need	and	the	flexibility	to	continuously	update	data	on	migration	.............................	53	
2.7	 Conclusions	................................................................................................................................	54	
3	 A	global	dataset	for	avian	migration	....................................................................................	55	
3.1	 Abstract	.....................................................................................................................................	55	
3.2	 Background	and	summary	..........................................................................................................	55	
3.3	 Methods	....................................................................................................................................	58	
Step	1	......................................................................................................................................................	60	
Step	2	......................................................................................................................................................	61	
Step	3	......................................................................................................................................................	62	
3.4	 Data	records	..............................................................................................................................	63	
3.5	 Technical	validation	...................................................................................................................	63	
3.6	 Usage	notes	...............................................................................................................................	65	
4	 Using	massively	crowd-sourced	data	to	reappraise	bird	migration	in	the	Western	
Hemisphere	...............................................................................................................................	66	
4.1	 Abstract	.....................................................................................................................................	66	
4.2	 Introduction	...............................................................................................................................	67	
4.3	 Material	and	methods	................................................................................................................	68	
Focus	species	and	dataset	.......................................................................................................................	68	
Obtaining	seasonal	maps	........................................................................................................................	68	
 xi 
The	Seasonality	Index	..............................................................................................................................	69	
Threshold	................................................................................................................................................	70	
4.4	 Results	and	discussion	...............................................................................................................	73	
Agreement	between	migrants	and	seasonality	in	data	..........................................................................	73	
Bias	in	data	or	cryptic	migration?	............................................................................................................	75	
Seasonal	range	maps	...............................................................................................................................	76	
Method	performance	..............................................................................................................................	78	
Concluding	remarks	.................................................................................................................................	79	
5	 Elucidating	global	patterns	of	effort	for	avian	data	..............................................................	80	
5.1	 Abstract	.....................................................................................................................................	80	
5.2	 Introduction	...............................................................................................................................	80	
5.3	 Methods	....................................................................................................................................	83	
Data	.........................................................................................................................................................	83	
Modelling	................................................................................................................................................	86	
5.4	 Results	.......................................................................................................................................	87	
Models	....................................................................................................................................................	87	
Spatial	variability	of	effort	.......................................................................................................................	88	
5.5	 Discussion	..................................................................................................................................	90	
Modelling	................................................................................................................................................	90	
Spatial	variability	of	effort	globally	.........................................................................................................	91	
Addressing	bias	in	presence-only	data	....................................................................................................	91	
Minimising	bias	in	data	collection	...........................................................................................................	92	
Limitations	and	Opportunities	associated	with	the	GBIF	dataset	...........................................................	94	
5.6	 Conclusions	................................................................................................................................	95	
6	 Thesis	Discussion	.................................................................................................................	96	
6.1	 Framing	......................................................................................................................................	96	
6.2	 Summary	of	main	findings	and	linkages	.....................................................................................	97	
6.3	 Limitations	and	future	research	.................................................................................................	99	
Simplification	...........................................................................................................................................	99	
Interpretation	........................................................................................................................................	100	
Continuing	improvement	of	data	..........................................................................................................	100	
Improvement	of	method	.......................................................................................................................	101	
Temporal	bias	........................................................................................................................................	101	
6.4	 Impact	pathway	.......................................................................................................................	102	
Inform	decision	makers	.........................................................................................................................	102	
Inform	scientists	....................................................................................................................................	103	
Inform	the	general	public	......................................................................................................................	103	
7	 Thesis	Conclusion	..............................................................................................................	104	
8	 References	........................................................................................................................	105	
9	 Appendices	........................................................................................................................	120	
9.1	 Chapter	4	.................................................................................................................................	120	
R	script	for	analyses	..............................................................................................................................	120	
Supplementary	Data:	List	of	bird	species	and	their	seasonality	index	..................................................	123	
9.2	 Chapter	5	.................................................................................................................................	132	
Supplementary	Data:	Partial	Plots	from	Random	Forest.	.....................................................................	132	
	
  
 xii 
List of Figures 
Figure 1: In this theoretical example adapted from Runge et al. (2014), habitat loss has affected 
one-eighth of the total habitat available to a species that occurs in two patches. If habitat 
quality and population abundance are evenly distributed within and among patches, a 
sedentary species (a) might decline in total population size by one-eighth as a result of this 
habitat loss. Where the two patches are linked by migration (b), a population decline of one-
quarter is likely because the entire population passes through the affected patch at some point 
during the life cycle. If one habitat patch is lost altogether, extinction of the migratory species 
will result. .................................................................................................................................... 3	
Figure 2: Flowchart of the thesis chapters. In Chapter 2, I include the first manuscript, where I 
present a literature review and a novel typology of types of avian migratory movements. 
Chapter 3, which includes the second manuscript, describes a compilation of data on global 
birds (~11,000 species), where I use the typology from Chapter 2 to make the most 
comprehensive dataset on global birds to date. In Chapter 4, the third manuscript, I explore 
presence data from eBird, the largest citizen science initiative on birds, to assess its potential 
to provide information on birds’ movements. I use the list of migrants from Chapter 3 to detect 
which species presenting spatial and temporal variation in eBird data are migrants. In the 
fourth and last manuscript, which is included in Chapter 5, I explore bias in effort applied to 
collecting avian presence data using a dataset from the Global Biodiversity Information 
Facility. The arrows between manuscripts one, two and three indicate that data from the 
previous manuscript are used in the next manuscript. ............................................................... 7	
Figure 3: A hypothetical example of a species with two populations. At species level (a) the taxon’s 
migratory movement is non-dispersive as it moves between two seasonal ranges of the same 
size. However, at the population level, different groups may be performing different types of 
migration. In the latter, case some of the possible outcomes are (b) both populations are non-
dispersive, (c) both populations are dispersive and (d) only one population is dispersive, while 
the other is non-dispersive. ....................................................................................................... 10	
Figure 4: Flowchart to assign primary classes to taxa. The migration types vary in regularity of 
timing and destinations, from very little in ‘to-and-fro migrations’, to more variability in ‘irruptive 
migrations’ (Newton 2012) and yet even more variability in ‘nomadic migrations’ (Dean 2004). 
It is possible to build a detailed dataset on species movement and, if necessary, classes can 
be grouped for specific goals (e.g. if only migrants in general are of interest for a certain 
application, by grouping all species in the classes to-and-fro, irruptive, nomadic and undefined 
into one class of migrants). Often more than one primary class can be applied to the same 
taxon either because individuals are behaving differently from each other or because the type 
of migration is a mix of classes (see multiple movements and mixed movements in the next 
section). In any of these cases, all classes that apply must be recorded; for example, some 
Common pochard Aythya ferina in western France are thought to be to-and-fro migrants, while 
the rest are sedentary (Gourlay-Larour et al. 2014), consequently, this species would receive 
the code T-R. ............................................................................................................................ 14	
Figure 5: Continuum of variation in the regularity of timing and destination of migrations, from very 
little variability in to-and-fro migrations to more in irruptive migrations and yet higher in 
nomadic migrations. Many White storks Ciconia ciconia migrate each year between Europe 
and Africa, but where they settle along the migration axis in Africa varies from year to year 
(Berthold et al. 2004; Bracko 2016), and they are classified here as irruptive given the 
constant variation in destination in Africa. Purple-winged ground-doves Claravis geoffroyi track 
seeding bamboo and breed in response to bamboo blooms. These doves are classified here 
as nomadic given the lack of fixed seasonal ranges and their opportunistic breeding, both 
characteristics of nomadic migrants (Dean 2004). ................................................................... 15	
Figure 6: Distribution (dark rectangles) and movement (arrows) of theoretical taxa A and B. Both 
taxa have three primary classes of migratory movements. A has multiple movements among 
 xiii 
its three populations, one resident, one to-and-fro migrant and the third nomadic, but there are 
no mixed movements. B has one resident population and one mixed to-and-fro nomadic. The 
codes in parentheses relate to the migration types (see Table 2). ........................................... 16	
Figure 7: Possible spatial scales of a classification with the distribution (darker rectangles) and the 
migration routes (arrows) of a hypothetical taxon with populations a and b. Globally it has four 
classes of movement (R-I-T-TM), but at the regional scale the classes of movement may be 
different. A regional assessment may be carried out in three ways, as exemplified by an 
assessment on Region D only: using the unaltered global movement class (R-I-T-TM), or an 
altered version of the global class that only reflects the movement of the subset of the taxon 
that occurs in the region in any stage of its life cycle (T-TM), or a regional movement class 
describing only the movements occurring within the region (Tgk-TMxbo). ............................... 17	
Figure 8: Seven types of hypothetical configurations of dispersive migrations. Migration between 
two seasonal ranges which are (a) completely separated, (b) overlapping at different 
proportions, c) up to 100% overlap of one of the ranges, (d) adjacent where any percentage of 
the edges touch and e) up to 100% adjacency of one of the ranges. Migration occurs (f) from 
one region to multiple regions that together are larger than the first and (g) through 
bottlenecks, where some taxa congregate temporarily during migration. ................................. 27	
Figure 9: Dispersiveness in to-and-fro and irruptive migrations. The y axis represents a continuum 
of ‘migration dispersiveness’, where the taxa’s seasonal ranges are increasingly different from 
one another in size. The x axis shows variation in the shift in the centre of gravity (Griffioen & 
Clarke 2002), from small to large, noticing that the largest distance possible between two bird 
ranges is the circumference of the Earth divided by two, which is approximately 20,000 km. . 28	
Figure 10: Bird species from our global case study and the typology codes for their movements — 
the full key is presented in Table 3. These species are from a range of different families and 
locations of the world, with varying range sizes, and they display various types of movements. 
The maps show each species’ extent of occurrence representing their total distribution 
(downloaded from IUCN Red List 2018). Some of these species movements are well-known 
(e.g. Common kestrels) while less is known about others (e.g. Red-billed parrots). ................ 37	
Figure 11: Flowchart of methods used to produce data on migration for 10,596 species of global 
birds. ......................................................................................................................................... 59	
Figure 12: Time windows showing the months of the year from January to December (clockwise, 
January on top — J) included in each of the six couples of seasons for which we checked for 
spatial variation in data. Each couple is represented by one black and one red ellipse with a 
gap of two months on each side. Exact dates were a) January to April and July to October, b) 
February to May and August to November, c) March to June and September to December, d) 
April to July and October to January, e) May to August and November to February, f) June to 
September and December to March. These six separate groups of windows in time enabled 
us to check for geographic variation for each species throughout the whole year on a monthly 
resolution. ................................................................................................................................. 69	
Figure 13: Some range configurations detected with our method and data that could be linked with 
species to-and-fro and irruptive migrations. The movements of some of these migrants may 
be: (a) low-dispersive, where range polygons display a shift in space, which results in a 
varying size of overlap of the two polygons depending on the dimension of the shift; or (b) 
high-dispersive with varying amounts of overlap, where migrants display 
contraction/expansion of their range, with or without a shift in their seasonal range centroid 
location. .................................................................................................................................... 70	
Figure 14: Long-billed curlew Numenius americanus’, Straneck's tyrannulet Serpophaga 
griseicapilla’s and Galapagos penguin Spheniscus mendiculus’ extent of occurrence maps 
provided by BirdLife International of their breeding (dark grey) and non-breeding (light grey) 
ranges. The three species are well-known migrants and their non-breeding ranges spread 
around their breeding ranges in a horseshoe shape fashion. This configuration of their 
 xiv 
seasonal ranges jeopardised the measures of spatial and temporal variation of their ranges 
using our method. ..................................................................................................................... 72	
Figure 15: Cumulative percentage of the 67 migrant species that we considered for the sensitivity 
analysis within different thresholds of the index to measure seasonality in species’ data. A 
threshold of 0.4 was used for the rest of the analysis because it included 96% of the well-
known to-and-fro migratory species (n=64), while the remaining 3 species yielded a low index 
value because of the unusual spatial configurations of their seasonal distributions (Figure 14).
 .................................................................................................................................................. 73	
Figure 16: Spread of our 2460 species’ seasonality indexes, which reflect the percentage of 
overlap and the size ratio between each species’ seasonal ranges. Using sensitivity analysis, 
we defined a threshold of 0.4 above which we considered that a species’ distribution 
presented substantial spatial and temporal variation. ............................................................... 74	
Figure 17: The 95% minimum convex polygons for seasonal distribution of records of American 
dippers Cinclus mexicanus, White-throated hawks Buteo albigula, Beryline hummingbirds 
Amazilia beryllina, Blue-fronted lancebills Doryfera johannae, White-ruffed manakins Corapipo 
altera and Snowy cotingas Carpodectes nitidus. There is evidence in the literature that these 
species migrate (Table 10), but no spatial representation of their seasonal ranges has been 
available so far. ......................................................................................................................... 77	
Figure 18: Relationship between observed and predicted values of birdwatching effort globally. 
Twenty-one variables explained 79.5% of variance in birdwatching probability (a; b in log 
scale). ....................................................................................................................................... 87	
Figure 19: Predictor variables in order of increasing influence on effort of the Global Biodiversity 
Information Facility (GBIF) presence-only data as assigned by the Random Forest algorithm. 
Bold text indicates the biophysical variables and the rest are the socioeconomic variables. In 
the x axis, %IncMSE stands for mean square-error. ................................................................ 88	
Figure 20: Global distribution of (a) observed and (b) modelled effort of GBIF avian presence data 
from 2002 to 2018. .................................................................................................................... 89	
Figure 21: Proportion of the global 10,596 avian species within the classes defined in Chapter 3 
(migrants, partial migrants, residents and insufficient data) and BirdLife International’s (2018) 
list of migrants (full migrants, altitudinal migrants, nomadic, not a migrant and unknown). On 
the top of each bar is the total number of species within each of BirdLife International’s 
classes. I discovered a high proportion of partial migrants within all of BirdLife International 
classes, including within the group of non-migrants. ................................................................ 98	
Figure 22: Impact pathway from the research output to the resulting benefit. One possible pathway 
to impact for this thesis is through (a) publication of the thesis, which (b) will inform decision 
makers, scientists and the general public about the findings. As a consequence (c) decision 
makers perform better conservation decisions — often the general public and scientific 
community influence in these decisions – and researchers use the new knowledge to perform 
more research. Lastly (d) migratory birds are better understood and therefore better protected, 
and the output of research is more accurate. ......................................................................... 102	
 
List of Tables 
 
Table 1: Summary of Criterion B1 used to evaluate if a taxon belongs in a threatened category on 
the International Union for Conservation of Nature Red List of Threatened Species. Adapted 
from (IUCN Red List 2016). ........................................................................................................ 4	
Table 2: Bird movement classes, their code and description. Each taxon’s code should contain at 
least one character of the primary classes, which may be accompanied by one or more of the 
 xv 
secondary classes. The regional classes may be applied to any sub-global, geographically 
defined area, such as a continent, country, bioregion, etc. ...................................................... 13	
Table 3: Classification of the movements of the species from our global assessment. The lower-
case letters refer to spatial secondary classes (h: altitudinal, xh: non-altitudinal, d: high-
dispersive, xd: low-dispersive, e: directional, xe: non-directional, l: loop, c: circumglobal and f: 
differential; for the full key for codes see Table 2). ................................................................... 38	
Table 4: Regional assessment of 33 Australian Cuculidae taxa from Garnett et al. (2015). 
Movement information was collated and interpreted from del Hoyo et al. (1992–2013), Erritzoe 
et al. (2012), Pizzey & Knight (2012), Garnett et al. (2015) and BirdLife International (2018). 
Taxa are listed alphabetically based on their scientific names. Abbreviations: AU – 
Australia(n); Qld – Queensland; NSW – New South Wales; WA – Western Australia; Vic – 
Victoria; NT – Northern Territory; PNG – Papua New Guinea; NZ – New Zealand; Ssp – 
subspecies, Alt – altitudinal range. ........................................................................................... 45	
Table 5: Description of avian movement types. Each taxon’s movement code contains at least one 
character of the primary classes (in capital letters). The primary classes may be accompanied 
by one or more secondary classes (in lower-case letters). Table adapted from Chapter 2. ..... 57	
Table 6: Examples of variables included in each category of our dataset of avian migration. The 
number of classes within each category is shown in parenthesis in the first column. .............. 58	
Table 7: The 14 binary variables used in Eyres et al. (2017), and the corresponding class assigned 
in step 1 of our methods. .......................................................................................................... 60	
Table 8: Taxonomical orders, total number of species and number of species allocated to quality 
checking. * indicates a group of species from 21 orders which contained 50 or less species 
and which we sampled together: Apterygiformes (5 spp), Cariamiformes (2), Casuariiformes 
(4), Ciconiiformes (19), Coliiformes (6), Eurypygiformes (2), Gaviiformes (5), Leptosomiformes 
(1), Mesitornithiformes (3), Musophagiformes (23), Opisthocomiformes (1), Otidiformes (26), 
Phaethontiformes (3), Phoenicopteriformes (6), Podicipediformes (23), Pterocliformes (16), 
Rheiformes (2), Sphenisciformes (18), Struthioniformes (2), Tinamiformes (47), Trogoniformes 
(43). .......................................................................................................................................... 64	
Table 9: Presence and absence of seasonality in eBird data of species not listed as to-and-fro or 
irruptive migrants in chapter 3. Although we expected a random presence and absence of 
seasonality for these species, among resident species the method performed slightly better 
than expected, classifying 57% with a low index (p<0.05). ...................................................... 75	
Table 10: Sources in the literature reporting that American dippers Cinclus mexicanus, White-
throated hawks Buteo albigula, Beryline hummingbirds Amazilia beryllina, Blue-fronted 
lancebills Doryfera johannae, White-ruffed manakins Corapipo altera and Snowy cotingas 
Carpodectes nitidus .................................................................................................................. 78	
Table 11: Description of the data we used as predictor variables of effort in GBIF data, using 
Random Forest analysis. The first eight rows (white rows) describe the biophysical variables, 
and the remaining 13 rows (grey) describe the socioeconomic variables. ............................... 85	
 
  
 xvi 
List of Abbreviations used in the thesis 
AEWA: Agreement on the Conservation of African-Eurasian Migratory Waterbirds 
Alt: altitudinal range 
AU: Australia(n) 
CMS: Convention on the Conservation of Migratory Species of Wild Animals 
EAAFP: East Asian – Australasian Flyway Partnership 
EOO: Extent of Occurrence 
EPBC Australia: Australian Environment Protection and Biodiversity Conservation Act 
GBIF: The Global Biodiversity Information Facility 
IUCN Red List: International Union for Conservation of Nature Red List of Threatened Species 
km: kilometres 
m: metres 
NSW: New South Wales 
NT: Northern Territory 
NZ: New Zealand 
PNG: Papua New Guinea 
Qld: Queensland 
Ssp: subspecies 
USA: The United States of America 
USFWS: United States Fish & Wildlife Service 
Vic: Victoria 
WA: Western Australia 
 
 1 
CHAPTER 1 
1 Thesis introduction 
In this thesis, I aim to better understand bird migrations using two approaches: by reviewing the 
available literature, and by large-scale analyses of existing global presence data. I address three 
major questions: (1) “To what extent can avian migrations be better categorised into distinct 
types?”, (2) “Can we detect patterns of migrations systematically in existing data?” and (3) “What 
are the external factors that bias these data?”. I review the literature on bird migrations, which 
although extensive is inconsistent with respect to terminology and definitions (e.g. Berthold 2001; 
Newton 2007). Hence, I create a new typology to better accommodate the different types of avian 
migratory movements. I use this typology to build a comprehensive dataset on movements of bird 
species globally (for brevity, the term ‘movement’ is used throughout the thesis referring to 
‘migratory movements’, unless otherwise stated — e.g. ‘non-migratory movements’ are explained 
in Section 2.4). Through the process of building the typology and dataset, it became clear that 
there are gaps in knowledge of species movements, especially in tropical regions, due to both the 
difficulties in accessing remote locations and the complexity of migration syndromes in these 
regions (Dingle 2008). In endeavouring to find ways of filling this gap in avian knowledge, I 
examine the potential of existing presence data to provide information on bird species’ movements. 
These types of data are extraordinarily abundant and growing rapidly (Yaukey 2010; Sullivan et al. 
2017). I show that, by applying robust statistical methods to presence data, it is possible to retrieve 
information on spatio-temporal variation of species ranges, which can provide insights about 
species’ migration status. This approach is a practical way of systematically detecting migrants 
among large groups of species over large areas, regardless of the magnitude of the movement. I 
also assess biases in birdwatching effort to collect presence data globally and show that effort is 
biased towards some regions and co-varies with a range of external variables. 
1.1 The significance of bird migrations 
Migrations by organisms are key components of ecosystem function worldwide, and disruption to 
migrations affects not just the migrants themselves, but also the ecosystems they support (Bauer & 
Hoye 2014). Migrant birds play important roles in pollination, seed dispersal, nutrient cycling, bio-
control and vegetation structure globally (Wilcove & Wikelski 2008; Whelan et al. 2015). 
Consequently, declines in migratory species can result in disruption to ecosystem processes and 
services and influence the productivity of natural and agricultural systems (Paton 2009). For 
example, changes in the timing of nesting and migration of some bird species are linked to the 
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emergence of disease in plants, because of the reduced ability of insectivorous birds to control 
populations of plant-eating insects (Whelan et al. 2015). Although extinction of migration may not 
necessarily result in extinction of the taxon, given the importance of species’ migrations in 
regulating ecosystems, conserving migration as a phenomenon is as important as conserving the 
species themselves (Runge 2014). 
Globally, many types of avian migratory movements exist, but our understanding about them is 
limited, and data on many avian movements are insufficient for several conservation applications 
and scientific research analyses. The regularity in timing and destination and the magnitude of bird 
migrations vary remarkably both taxonomically and geographically (Newton 2007; Berthold 2001). 
The migratory movements of bird taxa range from those that perform regular to-and-fro migrations 
between the same regions each year, through irruptive migrants with intermediate regularity in 
timing and destination, to highly nomadic species that are rarely seen in the same region more 
than once (Dingle 2014). Furthermore, depending on the taxon, all of these movements may occur 
at very small spatial scales, sometimes over a few metres, or at large scales, with some taxa 
migrating across the whole globe (Dial 2003; Watanabe 2016). While descriptions of long-distance, 
regular bird migrations are common in the literature, migrations of small magnitude and/or that are 
temporally irregular are rarely researched or discussed, particularly when they take place in the 
tropics (Cottee-Jones et al. 2016). Additionally, much of the available knowledge on migrations is 
either scattered across a vast literature, with definitions varying widely between publications (e.g. 
Berthold et al. 2003; Newton 2007; Chesser 1994), or it is presented in the form of comprehensive 
but oversimplified lists of migrants (e.g. CMS 2019; BirdLife International 2019; Pardieck et al. 
2017). The prevailing underestimation of the scope of avian migrations in the literature, especially 
in the lists of migrants, hampers their utility in conservation decisions (Runge et al. 2014), 
extinction risk assessments (Runge et al. 2015a) and scientific research (Paterno et al. 2018). 
Firstly, accurately detecting which species are migrants is crucial for assessing their conservation 
needs because migrants demand unique strategies where a series of sites must be protected 
(Runge et al. 2015b). Secondly, in the International Union for Conservation of Nature Red List of 
Threatened Species (IUCN Red List) extinction risk assessments, the extinction risk of migrants 
could be underestimated if they are inadvertently treated as non-migrants (e.g. nomadic species in 
Runge et al. 2015a). Thirdly, conclusions drawn from comparative studies that use statistical 
techniques to summarise relationships between species traits and other variables are data-
sensitive, and, as such, using inaccurate data on species movements will impact on the results of 
such analyses (Paterno et al. 2018). 
Planning for the conservation of migratory species, for example through the implementation of 
protected areas, demands data on seasonal distributions, behaviour and threats because a series 
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of sites must be protected (Klaassen et al. 2008; Norris & Pain 2002; Cottee-Jones et al. 2016). 
The persistence of a migratory species depends on multiple habitats and resources being available 
at the right time throughout their life-cycle (Runge et al. 2014; Newton 2004). As such, the overall 
conservation status of any given migrant will be influenced strongly by the status of the seasonal 
range in the most critical condition (i.e. with lower carrying capacity, birth rate or survivorship) 
(Figure 1). Therefore, for migratory species the consequences of conservation actions taken in one 
place depend on the magnitude of threats and the success of actions taken elsewhere. For 
example, shorebird numbers in the East Asian – Australasian Flyway have dropped drastically due 
to habitat loss in the Yellow Sea, and conservation strategies elsewhere in the flyway will fail to halt 
the decline of these birds without corresponding management in East Asia (Dhanjal-adams et al. 
2016; Iwamura et al. 2013; Runge et al. 2014). A clear understanding of migratory movements is 
necessary to inform conservation decisions that will enable the persistence of migrant birds — 
often through international policy frameworks (Cottee-Jones et al. 2016). 
 
Figure 1: In this theoretical example adapted from Runge et al. (2014), habitat loss has 
affected one-eighth of the total habitat available to a species that occurs in two patches. If 
habitat quality and population abundance are evenly distributed within and among patches, 
a sedentary species (a) might decline in total population size by one-eighth as a result of 
this habitat loss. Where the two patches are linked by migration (b), a population decline of 
one-quarter is likely because the entire population passes through the affected patch at 
some point during the life cycle. If one habitat patch is lost altogether, extinction of the 
migratory species will result. 
The migratory status of species is used as one of the foundations for assessing species extinction 
risk (Runge et al. 2014; Mazor et al. 2016). For instance, migrants and non-migrants are assessed 
differently within the IUCN Red List, and misclassification of a species’ migration status may lead 
to the wrong extinction risk category being applied (Runge et al. 2015a). The IUCN Red List 
provides the most widely used method to evaluate extinction risk (Mace et al. 2008), where species 
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are assigned to categories describing their susceptibility to extinction, and this list frequently helps 
guide conservation planning globally (Rodrigues et al. 2006). A number of criteria based on 
symptoms of extinction risk are used to determine a species’ threatened status, and one of them, 
criterion B (Table 1), drives the threatened species status of almost half of all globally threatened 
species (Gaston & Fuller 2009). This criterion focuses on information on species geographic range 
size, where the susceptibility to extinction is assumed to be higher for species with smaller ranges. 
In these assessments, the geographic range size for non-migratory species is based on pooled 
occurrence records across time, an approach that overestimates the geographic range of migratory 
species at any point in time (Runge et al. 2015a). To overcome this issue, the IUCN Red List 
guidelines specify that the geographic range size metric for Red Listing of migratory species should 
be based on the smallest area required for the survival of existing populations of a taxon at any 
point in time (e.g. crucial feeding sites) (IUCN Red List 2016). Thus, it is critically important to 
determine which species are indeed migrants, find the bottleneck habitats, and produce data that 
are adequate to underpin the extinction risk assessment. 
Table 1: Summary of Criterion B1 used to evaluate if a taxon belongs in a threatened 
category on the International Union for Conservation of Nature Red List of Threatened 
Species. Adapted from (IUCN Red List 2016). 
Geographic range size in the form of extent of occurrence 
 Critically endangered Endangered Vulnerable 
B1. Extent of occurrence < 100 km2 < 5000 km2 < 20,000 km2 
AND at least one of the 3 conditions: 
(a) Severely fragmented OR 
      number of locations 
= 1 =< 5 =< 10 
(b) Continuing decline, observed, inferred or projected, in any of: (i) extent of occurrence; (ii) 
area of occupancy; (iii) area, extent and/or quality of habitat; (iv) number of locations or 
subpopulations; (v) number of mature individuals. 
(c) Extreme fluctuations in any of: (i) extent of occurrence; (ii) area of occupancy; (iii) number of 
locations or subpopulations; (iv) number of mature individuals. 
Systematic, detailed movement data suitable for use in comparative studies are lacking for many 
bird species. Comparative studies often use correlation or regression coefficients to investigate the 
correlation of multiple species traits with a response variable, such as extinction risk, invasion 
success or diversification (Fisher & Owens 2004). These analyses generally require data on many 
traits for hundreds or thousands of species (e.g. Lee & Jetz 2010; Wang et al. 2018). As collecting 
or producing data over several traits for so many species is often not feasible, researchers usually 
gather data from many sources to build datasets for analysis. For bird species globally, detailed 
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information is available for some traits, such as feeding guilds (Kissling et al. 2012) and threats 
(IUCN Red List 2018). However, global data on avian movements are only available in the form of 
oversimplified lists of migrants, usually with four broad migrant classes (e.g. BirdLife International 
2019; CMS 2019; Eyres et al. 2017). Such broad classes do not adequately represent the 
complexities of bird species’ movements, which may be problematic in comparative methods as 
their results are sensitive to data accuracy and precision (de Villemereuil et al. 2012). Greater 
availability of detailed data on avian movements for such analyses would widen the array of 
evolutionary and ecological questions that could be addressed, as well as increasing the reliability 
of the results. 
1.2 Key questions and workflow of chapters 
In this thesis, I contribute to the existing literature on bird migrations and produce more accurate 
data that can be used in conservation decisions, extinction risk assessments and scientific 
research. To achieve this goal, I explain the types of bird movements and build a dataset on global 
bird migrations. I also explore how presence data, which are abundant for birds, can provide 
information about bird migrations, and I explore how these data are affected by spatial bias (Figure 
2). In Chapter 2, I bring more clarity to the types of migratory movements performed by bird 
species globally, including small magnitude and irregular movements, which have so far been 
largely overlooked in the literature (Dingle 2008; Hsiung et al. 2018; Cottee-Jones et al. 2016). I 
conduct an extensive literature review and I reinterpret information in a new, comprehensive and 
coherent typology framework for global avian movements. I include descriptions of to-and-fro, 
irruptive and nomadic migrants, and provide examples of taxa and their migratory movements. In 
Chapter 3, I fill the gap in migration data for birds globally, which is much needed for conservation 
decision-making, extinction risk assessments and scientific research (Cottee-Jones et al. 2016; 
Runge et al. 2015a; IUCN Red List 2016). I compile data for 10,956 species, to make the most 
comprehensive global dataset of avian movements to date. I use the typology that I develop in 
Chapter 2, together with geoprocessing techniques and spatial data, to interpret information from 
seven different sources. My dataset includes 56 variables on avian movement types and 
magnitude, their mobility modes and their location and range. In Chapter 4, I develop a method to 
systematically measure spatio-temporal variability in presence data over many species, which can 
provide information about species movements for migrants. To date, ecological and biological 
information for many species have been infeasible to acquire, for example, due to species’ 
occurrence in remote locations (Gilchrist et al. 2005). To this end, having the ability to retrieve 
information for these species from existing data is important (Griffioen & Clarke 2002). Here, I use 
my novel method to measure spatio-temporal seasonality in data on 2460 species of birds of the 
Western Hemisphere. I use the list of migrants from Chapter 3 to identify migrants in the data and 
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assess the performance of the method. In Chapter 5, I perform a novel assessment of bias in 
effort applied to collecting avian presence data globally. Presence data on birds have been 
accumulating rapidly due to the growing popularity of citizen science programs (Johnston et al. 
2019). Some studies have been carried out to understand patterns and bias of distribution of such 
data at local scale, or at global scale with a few variables (e.g. Amano & Sutherland 2013; Martin 
et al. 2012). Here I perform the most detailed global investigation to date. I create a measure of 
effort for the Global Biodiversity Information Facility data, which includes data from eBird and many 
other programs, and I assess its correlation with 21 biophysical and socioeconomic variables. 
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Figure 2: Flowchart of the thesis chapters. In Chapter 2, I include the first manuscript, 
where I present a literature review and a novel typology of types of avian migratory 
movements. Chapter 3, which includes the second manuscript, describes a compilation of 
data on global birds (~11,000 species), where I use the typology from Chapter 2 to make the 
most comprehensive dataset on global birds to date. In Chapter 4, the third manuscript, I 
explore presence data from eBird, the largest citizen science initiative on birds, to assess 
its potential to provide information on birds’ movements. I use the list of migrants from 
Chapter 3 to detect which species presenting spatial and temporal variation in eBird data 
are migrants. In the fourth and last manuscript, which is included in Chapter 5, I explore 
bias in effort applied to collecting avian presence data using a dataset from the Global 
Biodiversity Information Facility. The arrows between manuscripts one, two and three 
indicate that data from the previous manuscript are used in the next manuscript.  
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CHAPTER 2 
2 A comprehensive typology of avian migration 
2.1 Abstract 
Avian migrations are complex and highly variable in their spatial and temporal structures within and 
among species, thus complicating the construction of a clear typology. While the migratory 
movements of many species have been described in detail, comparable information at compatible 
scales of analysis is lacking for most species both globally and locally, especially for intratropical 
migrants. Although comprehensive assessments in the form of global and national lists of migrants 
exist, they oversimplify species movement types and lack standardisation. In this paper, we 
introduce a new framework to classify avian movement patterns, along with a range of examples of 
bird movements. Here we develop a detailed explanation of six primary classes and 16 secondary 
classes that are used to classify each taxon according to the type (or types) of movement it 
performs. We specifically highlight the need to account for (1) migrations of small magnitude, (2) 
irregular migrations and (3) co-occurrence of more than one type of migration within taxa in 
migration descriptions and classifications. We also demonstrate the application of this typology on 
a global scale for 13 bird species and on a regional scale for 33 taxa of cuckoos in Australia. Our 
typology of avian migration accounts for their complex and dynamic nature and enables collection 
and production of data that are much needed, especially in comparative studies and conservation. 
2.2 Introduction 
Literature and lists on bird migration 
The types of movements exhibited by migratory birds vary taxonomically and geographically, often 
with no clear-cut qualitative difference between types, thus hampering the formulation of workable 
definitions for movement types adequate for comparative studies and for management and 
conservation of migratory bird species (Terrill & Able 1988; Mehlman et al. 2005; Dingle & Drake 
2007; Baker 1978; Gilroy et al. 2016). The literature on avian movement is vast, yet scattered 
across a number of academic publications (e.g. Berthold et al. 2003; Newton 2007; Barçante et al. 
2017; Chesser 1994; Eyres et al. 2017), unpublished government and non-government agency 
reports (e.g. Pardieck et al. 2017; AEWA 2018; EAAFP 2018) and field guides (e.g. del Hoyo et al. 
1992–2013; Dingle 2001; Avibase 2018; Bildstein 2019). Moreover, there is typically very little 
information available on smaller-scale migratory movements (Dingle 2008; Hsiung et al. 2018) and 
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on less regular migrations — that is, on irruptive and nomadic movements in comparison with 
regular long-distance to-and-fro journeys (Cottee-Jones et al. 2016). The lack of standardisation of 
terminology and definition of migratory movements both within and among sources (Dingle & 
Drake 2007), coupled with what we perceive to be a general underestimation of the scope of avian 
movements, limits their utility, especially in comparative studies where consistent information on 
many species is needed. As an example, even birds with well-known types of movements, such as 
short-distance migrants, partial migrants and nomadic species, are commonly grouped with 
resident species as ‘non-migrants’ in the scientific literature (e.g. Paradis et al. 1998; Sanderson et 
al. 2006; Eyres et al. 2017). This reflects both the lack of standardisation in movement 
nomenclature across the literature and a general tendency to overlook migratory movements of 
small magnitude or consider them irrelevant. 
In addition to the scattered avian literature mentioned above, data on bird movements are available 
in the form of global and national lists of migrants. While these lists are usually comprehensive, 
they are often targeted at specific objectives, such as policy (e.g. BirdLife International 2018; CMS 
2019; EPBC Australia 2018), rather than at detailed scientific investigation. Such lists often simplify 
species’ movements, for example by distinguishing ‘migrant’ and ‘non-migrant’ species, where 
migration is primarily or exclusively taken to mean regular annual movements between 
geographically separated breeding and non-breeding areas (Somveille et al. 2013). Usually, 
around 20% of bird species are regarded as performing these sorts of movements globally, while 
the majority of the remainder are classified as sedentary — or resident as a synonym (e.g. BirdLife 
International 2019). Nevertheless, most bird species perform at least one type of more or less 
regular migratory movement in at least some part of their geographic distribution and just a 
minority of species are completely sedentary (Berthold 2001; Barçante et al. 2017; Griffioen & 
Clarke 2002; Eyres et al. 2017). Additionally, lists of migrants are widely used at incompatible 
spatial scales of analysis. For instance, the global list of migrants provided by BirdLife International 
(2019) is commonly adopted in national and local scale studies (e.g. Newbold et al. 2013; 
Machado & Loyola 2013), perhaps inappropriately given the scale of analysis in these papers. 
A comprehensive, flexible and inclusive typology 
In the face of the uncertainty present in definitions of migration, epistemic or otherwise, we 
developed a systematic, comprehensive and multi-scale framework and typology, which is not 
magnitude sensitive, for integrated assessment of all known types of bird movements. Using our 
approach, existing information can be collated to classify and describe avian migratory movements 
in a way that enables its effective use in comparative studies and conservation decisions. Our 
framework and typology can be applied (1) at population or higher level, (2) at any spatial scale, (3) 
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regardless of the magnitude of the movement and (4) to describe the complexity of co-occurrence 
of different movement types within taxa. Migrations involve two levels: the behavioural, 
physiological, morphological and genetic characteristics of individuals and the spatio-ecological 
properties of populations (Dingle & Drake 2007, Dingle 2014). Although a ‘complete’ movement 
classification system would incorporate both these individual and ecological aspects (Dingle 2014; 
Nathan et al. 2008), such an approach remains unfeasible for many species due to lack of data. 
Nevertheless, there is a high demand for data at population level in applied ecology, where 
knowledge on many taxa — some on the brink of extinction — is limited but highly needed for 
comparative studies and conservation decisions (Dhanjal-adams et al. 2016; Fisher & Owens 
2004; Paterno et al. 2018). Given so, here we focus on the properties of populations, subspecies 
and species, which result from the behaviour of individuals. We consider a ‘population’ a group of 
birds of the same species and that is the focus of this classification, but if this group comprises all 
the individuals of a species or subspecies, we call it ‘species’ or ‘subspecies’, respectively. 
Throughout the paper, the term ‘taxon’ refers to ‘species’, ‘subspecies’ or ‘population’ so defined. 
All individuals performing movements to directions and for distances different from the average of 
any population of its kind are called ‘vagrants’ (Gilroy & Lees 2003; Davis & Watson 2018). It is 
important to note that the movement class of a taxon may differ at different taxonomic scales. For 
example, while at species level a certain movement class may apply, at population level, there may 
be two or more different movement classes occurring (Figure 3), and vice versa. 
 
Figure 3: A hypothetical example of a species with two populations. At species level (a) the 
taxon’s migratory movement is non-dispersive as it moves between two seasonal ranges of 
the same size. However, at the population level, different groups may be performing 
different types of migration. In the latter, case some of the possible outcomes are (b) both 
populations are non-dispersive, (c) both populations are dispersive and (d) only one 
population is dispersive, while the other is non-dispersive. 
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Defining migratory and non-migratory movements 
Although historically a variety of wider or narrower range of movement behaviours have been 
regarded as migrations, we suggest that a broad group of movements should be considered 
‘migratory’ (following Baker 1978). In this paper, we consider ‘migrations’ all movements that occur 
(1) repeatedly at regular or irregular intervals within or across years, (2) for distances greater than 
the movements made when only daily roaming movements are performed, (3) regardless of 
whether they include return movement or not and (4) at population, subspecies or species level. 
Migrations are usually a shift in the distribution of a taxon from regions where conditions are less 
favourable to regions where conditions are more favourable (Berthold 2001). For migrants, a 
network of regions is important for the persistence of a species, subspecies or population, 
regardless of the amount of time spent in each of these regions, the magnitude of the movements 
and the underlying reason to migrate. 
We define ‘movement’ as a change in location relative to the Earth’s surface, that is, all migrations 
are movements, but not all movements are migrations. Therefore, we do not include as a type of 
migration those movements that are (1) sporadic (accidental or active), for example as a 
consequence of drifting (Berthold 2001) or escaping from a threatening event — although we 
would consider as migration escape movements that happen repetitively at population, subspecies 
or species level (for more details on escape migrations see Section 2.3), (2) undirected post-natal 
and post-breeding movements within the taxon’s usual distribution — static distribution in the case 
of non-migrants and seasonal in the case of migrants (for more details on movements performed 
by non-migrants see Section 2.4), and (3) performed by isolated individuals outside the species’ 
usual distribution, which we classify here as vagrancy (Gilroy & Lees 2003; Davis & Watson 2018) 
(for more details on vagrancy see Section 2.3). 
In conclusion, migrations involve not only to-and-fro annual long-distance movements between 
fixed breeding and non-breeding areas, but also other cyclical movements of smaller magnitude 
driven, for example, by the need to moult, feed, escape or stage during or before migration 
(Mckinnon et al. 2010; Gilg & Yoccoz 2010). These migrations present a continuum of variation in 
regularity of timing and destinations, from very little variability in ‘to-and-fro migrations’, to more 
variability in ‘irruptive migrations’ (Newton 2012) and yet even more variability in ‘nomadic 
migrations’ (Dean 2004). While Newton (2012) discusses extensively the continuum between to-
and-fro and irruptive migrations, we suggest here that nomadism is a strategy along the same 
continuum but beyond irruptive migrations, which represents migrations even more irregular in 
timing and destination. Nomadic migrations are still driven by environmental cues, but are less 
easily understood by analysis of currently available data (Cottee-Jones et al. 2016). 
 12 
More comprehensive data across space and time, which should be available in the future given the 
increased use of tracking technology, are needed for analyses that would test our view of the 
continuum between to-and-fro, irruptive and nomadic migrations (Eyres et al. 2017). While the use 
of satellite and other tracking methods have been rapidly increasing, much data on migrations are 
still derived from human observation and recoveries of marked birds. These observations and 
recoveries constitute fragmented information, particularly in the case of irruptive and nomadic 
migrants compared to to-and-fro migrants (Newton 2006; Cottee-Jones et al. 2016; Eyres et al. 
2017). Although the rarity of observations and recoveries of irruptive and nomadic migrants in the 
same area suggests large geographical changes in population demographics, these data lack 
some important information such as timing of migrations and destinations of migrants (Cottee-
Jones et al. 2016). 
Overview of the classes included in this typology 
Our typology includes six primary and 16 secondary classes. We provide a short description of 
each class here and in Table 2, and we show how to assign the primary classes in Figure 4. Then, 
in Section 2.3, we explain in more detail the migration classes and review the movements of 
several taxa as examples. Lastly, we demonstrate how to use the typology at the global scale 
through 13 bird species (Figure 10 and Table 3) and taxonomically comprehensively at a regional 
scale using all 33 taxa of Australian cuckoos (Table 4). 
Among the primary classes, four represent types of migration, including ‘to-and-fro’, ‘irruptive’, 
‘nomadic’ and ‘undefined’ — when it is known that the taxon migrates but the type of migration it 
performs is not known. The two additional classes represent birds that are ‘resident’, when no 
migratory movement is known to occur, and ‘insufficient data’, when not enough information exists 
to conclude if the taxon is sedentary or migratory. We also provide secondary classes referring to 
key spatial aspects of movements that can be used as further qualifiers of the primary classes: 
‘altitudinal’, ‘non-altitudinal’, ‘high-dispersive’, ‘low-dispersive’, ‘directional’, ‘non-directional’, ‘loop’, 
‘circumglobal’ and ‘differential’. Other secondary classes are to be applied at regional scale only: 
‘breed’, ‘not-to-breed’, ‘moult’, ‘escape’, ‘bottleneck’, ‘passage’, ‘stopover’ and ‘vagrancy’. Each of 
these classes is assigned a character, and since more than one may apply to each taxon, the 
characters may be concatenated into a code that includes all migration types occurring in the taxon 
in question.   
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Table 2: Bird movement classes, their code and description. Each taxon’s code should 
contain at least one character of the primary classes, which may be accompanied by one or 
more of the secondary classes. The regional classes may be applied to any sub-global, 
geographically defined area, such as a continent, country, bioregion, etc. 
TYPOLOGY 
CLASSES SHORT DESCRIPTION: When a taxon moves… 
Primary Classes 
 To-and-fro T 
… seasonally between regions with little intra-taxon variability in timing and destination. This group 
includes movements of any magnitude and with any underlying motivation (breed, feed, moult, 
escape, etc.), with or without stopover sites. These are usually pre-emptive obligate migrations. 
 Irruptive I 
… somewhat similarly to to-and-fro migrants, but with considerable intra-taxon variability in the 
regularity, timing, distance and/or direction of the movements and across seasons in the proportion of 
individuals that migrate. These are usually facultative migrants. 
 Nomadic M 
… from one area to another in various directions, staying and potentially breeding wherever 
conditions are favourable. They are usually opportunistic breeders and present even more variability 
in timing and destination than irruptive species. 
 Undefined U … seasonally (at regular or irregular intervals) between multiple regions but the information is insufficient to determine whether the movement is to-and-fro, irruptive or nomadic. 
 Resident R (These taxa perform daily foraging movements, post-breeding and post-natal movements to establish new territory and escape danger, but do not perform any of the migration types described above.) 
 Insufficient data Y (Apply when available information is insufficient to determine whether the taxon migrates or not.) 
Secondary classes 
 Altitudinal h 
… across an altitudinal gradient or lives permanently at high altitude, either performing migratory 
movements within this altitudinal range or being resident. This may be applied to the classes to-and-
fro, irruptive, nomadic and undefined migrations, as well as to residents.  
 Non-altitudinal xh (When taxa neither reside at high elevations nor perform migrations across elevational gradients.) 
 High-dispersive d 
… between regions of different size so that the mean distance between individuals within the 
migratory taxa varies more than a pre-defined threshold. May be used as a secondary class to to-
and-fro, irruptive, nomadic and undefined migrations. 
 Low-dispersive xd (When taxa are not high-dispersive.) 
 Directional e … using the same route for outward and inward migrations. May be used as a secondary class to to-and-fro, irruptive and undefined migrations. 
 Non-directional xe (When migration is not directional.) 
 Loop l … through different and non-overlapping routes on outward and inward migrations. It is a type of non-directional migration. 
 Circumglobal c … around the world. It is a type of non-directional and loop migration. 
 Differential f … with varying timing and/or destination between certain groups (e.g. males and females). 
For regional use 
 Breed b … temporarily to regions with the specific intention to breed. May be mixed with the classes moult, escape and/or bottleneck. 
 Not-to-breed xb … temporarily to regions without the specific intention to breed. May be mixed with the classes moult, escape and/or bottleneck. 
 Moult o … temporarily to regions specifically to moult. May be mixed with breed or not-to-breed. 
 Escape z … in reaction to adverse conditions, like poor weather, predation and disturbance. May be mixed with breed or not-to-breed. 
 Bottleneck k … through regions or settles in regions smaller than the average size of the rest of their range. May be mixed with any of the regional classes, including breed or not-to-breed, but not with ‘vagrant’. 
 Passage g … through regions during migration, where they do not stop. 
 Stopover s … through regions during migration, where they stop. 
Vagrant v 
(Individuals that move to places different to the population average. They are expected to occur in 
most bird species, migrants and resident. This is not a modifier to any classes but can be used at 
regional scale when appropriate) 
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Figure 4: Flowchart to assign primary classes to taxa. The migration types vary in regularity 
of timing and destinations, from very little in ‘to-and-fro migrations’, to more variability in 
‘irruptive migrations’ (Newton 2012) and yet even more variability in ‘nomadic migrations’ 
(Dean 2004). It is possible to build a detailed dataset on species movement and, if 
necessary, classes can be grouped for specific goals (e.g. if only migrants in general are of 
interest for a certain application, by grouping all species in the classes to-and-fro, irruptive, 
nomadic and undefined into one class of migrants). Often more than one primary class can 
be applied to the same taxon either because individuals are behaving differently from each 
other or because the type of migration is a mix of classes (see multiple movements and 
mixed movements in the next section). In any of these cases, all classes that apply must be 
recorded; for example, some Common pochard Aythya ferina in western France are thought 
to be to-and-fro migrants, while the rest are sedentary (Gourlay-Larour et al. 2014), 
consequently, this species would receive the code T-R. 
The nature of continuous variation between the classes to-and-fro/irruptive/nomadic, high-
dispersive/low-dispersive and altitudinal/non-altitudinal may represent a challenge when classifying 
species that are at or close to the transitions between these classes. For instance, some Rufous-
thighed kites Harpagus diodon, Snowy owls Bubo scandiacus and Zebra finches Taeniopygia 
castanotis perform clear to-and-fro (Lees & Martin 2015), irruptive (Newton 2012) and nomadic (del 
Hoyo et al. 1992–2013) migrations, respectively (Figure 5). However, movements of some White 
storks Ciconia ciconia are in the transition between to-and-fro and irruptive, and of Purple-winged 
ground-dove Claravis geoffroyi between irruptive and nomadic. The allocation of classes to species 
that are part of these transitional populations relies on arbitrary and subjective decisions. When 
comprehensive data are analysed by appropriate methods (e.g. Baker 1978; Griffioen & Clarke 
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2002; Gilroy et al. 2016), these classes can be applied more objectively using quantitative 
thresholds, for example through measuring the timing of migration and the areas of seasonal 
distribution. However, complete data are not currently available for many taxa and locations, and 
methods to fill these gaps do not exist. Therefore, in this study we focus on a qualitative approach 
to include the vast amount of bird movement information available in the literature which could not 
be easily (or at all) collated quantitatively, such as in del Hoyo et al. (1992–2013), Berthold et al. 
(2003) and Newton (2007). We explain ways to allocate species in these transitional areas into 
classes while minimising the subjectiveness of the process. 
 
Figure 5: Continuum of variation in the regularity of timing and destination of migrations, 
from very little variability in to-and-fro migrations to more in irruptive migrations and yet 
higher in nomadic migrations. Many White storks Ciconia ciconia migrate each year 
between Europe and Africa, but where they settle along the migration axis in Africa varies 
from year to year (Berthold et al. 2004; Bracko 2016), and they are classified here as 
irruptive given the constant variation in destination in Africa. Purple-winged ground-doves 
Claravis geoffroyi track seeding bamboo and breed in response to bamboo blooms. These 
doves are classified here as nomadic given the lack of fixed seasonal ranges and their 
opportunistic breeding, both characteristics of nomadic migrants (Dean 2004). 
New and reinterpreted terminology  
We have been as conservative as possible while developing this typology and aimed to retain 
established terminology and definitions. Nevertheless, when necessary, we have reinterpreted 
nomenclature and phenomena and have created new nomenclature. For instance, we created the 
terms ‘mixed migrations’ and ‘multiple migrations’. In ‘mixed migrations’ two or three of the 
migration classes to-and-fro, irruptive and nomadic are present simultaneously in the same 
population (Figure 6). For example, many to-and-fro and some irruptive migrants perform nomadic 
movements only in the non-breeding range and return to the same breeding sites each year. In this 
case, we define them as ‘mixed to-and-fro nomadic’ or ‘mixed irruptive nomadic’. Example species 
include the Lesser kestrel Falco naumanni and other European-breeding taxa that migrate to Africa 
annually and perform nomadic movements there following prey species (Catry et al. 2011). In 
‘multiple migrations’ different populations of the same species show different types of migration; for 
example, populations of Common coot Fulica atra are to-and-fro or irruptive migrants or resident in 
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Eurasia, and in Australia some populations are nomadic (del Hoyo et al. 1992–2013; Guillemain et 
al. 2014). 
 
Figure 6: Distribution (dark rectangles) and movement (arrows) of theoretical taxa A and B. 
Both taxa have three primary classes of migratory movements. A has multiple movements 
among its three populations, one resident, one to-and-fro migrant and the third nomadic, 
but there are no mixed movements. B has one resident population and one mixed to-and-fro 
nomadic. The codes in parentheses relate to the migration types (see Table 2). 
Spatial scale 
Our typology can be applied at the global, as well as at the regional scale (i.e. any geographically 
defined area, such as a continent, country, state or bioregion). The movement class of a taxon may 
differ at different spatial scales; for example, while in a region a species might be resident, globally 
there may be migratory populations of the same species (Figure 7). At the regional scale the 
typology may be applied to taxa in three ways (Figure 7) depending on the objective: (1) unaltered 
global classes — movements of all populations that are or are not present in the region, or (2) 
altered global classes — to reflect only the movement(s) of the subset of the taxon that is 
periodically present in the region, or (3) regional classes, which describe only the movements 
occurring within the region. We applied the regional approach to Australian cuckoos (Section 0). 
 17 
 
Figure 7: Possible spatial scales of a classification with the distribution (darker rectangles) 
and the migration routes (arrows) of a hypothetical taxon with populations a and b. Globally 
it has four classes of movement (R-I-T-TM), but at the regional scale the classes of 
movement may be different. A regional assessment may be carried out in three ways, as 
exemplified by an assessment on Region D only: using the unaltered global movement 
class (R-I-T-TM), or an altered version of the global class that only reflects the movement of 
the subset of the taxon that occurs in the region in any stage of its life cycle (T-TM), or a 
regional movement class describing only the movements occurring within the region (Tgk-
TMxbo). 
2.3 Typology classes: descriptions and examples 
Primary classes 
To-and-fro migrations (T) 
To-and-fro migration is the most commonly recognised form of migration, where individuals 
periodically move between specific locations at predictable times, with or without stopovers along 
the route (Berthold et al. 2003; Newton 2007). Globally, the number of purely to-and-fro migrant (or 
purely resident) species is relatively low compared to the ones that are partially migratory or 
display multiple types of movements that co-occur within or across populations (Boyle 2017; Dingle 
2008; Chapman et al. 2011; Dingle & Drake 2007). 
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The most extreme obligate to-and-fro migrants initiate movement pre-emptively before conditions 
become unsuitable, either because they respond to early cues (such as photoperiod), or due to 
endogenous rhythms or ‘internal clocks’ (Dingle & Drake 2007). These taxa often present high site 
fidelity, thus migrating cyclically in time and consistently along the same routes between the same 
regions, for example, the Northern wheatear Oenanthe oenanthe (Bairlein et al. 2012; Blackburn & 
Cresswell 2016) and the Arctic tern Sterna paradisaea (BirdLife International 2019). We classify as 
to-and-fro all migration types ranging from this extreme end of the spectrum to migrations that may 
not be initiated pre-emptively, but in which most individuals migrate most years at about the same 
time to and from sites that are mostly the same. Populations performing these ‘less obligate’ to-
and-fro migrations most often migrate because the proximate drivers of their movement are 
periodically consistent (e.g. weather events). As an example, many hummingbird species in the 
Andes, such as the Sparkling violet-ear Colibri coruscans, migrate most years to lower elevations 
during the dry season (del Hoyo et al. 1992–2013). 
To-and–fro migrations vary inter- and intra-specifically in the scale of movements (Dingle 2014). 
Some are very large, over thousands of kilometres across continents and oceans, for example, the 
Ovenbird Seiurus aurocapilla (Hallworth & Marra 2015) and the Bar-tailed godwit Limosa lapponica 
baueri (Battley et al. 2012). Other movements are of a smaller scale, such as the trans-Andean 
migrations of the Black skimmer Rynchops niger cinerascens (Davenport et al. 2016). Others are 
still shorter, like the migration of the White-tailed ptarmigan Lagopus leucura in western North 
America with many individuals migrating only a couple of kilometres yearly (Hoffman & Clait 1975; 
Fedy et al. 2008). The amount of time that these species spend migrating is also variable. For 
some short-distance migrants, both ‘to’ and ‘return’ journeys can each take less than one day, 
while in some long-distance migrants each journey can take up to five months, so that individuals 
are on migration for more than half of the year (Newton 2007). 
The spatial configuration of the seasonal ranges and migration routes of to-and-fro migrants also 
vary among taxa (Newton 2007). These ranges may be separated, for example in the case of the 
Baird’s sandpiper Calidris bairdii, or they may overlap partially, for example in the case of the 
Redpoll Acanthis flammea and the Common wood-pigeon Columba palumbus (BirdLife 
International 2019). Often different routes are used in each part of to-and-fro migrations (as in non-
directional, loop and circumglobal migrations, explained further in the Secondary classes section). 
The to-and-fro migration class may be ‘mixed to-and-fro irruptive migration’ and it is commonly 
‘mixed to-and-fro nomadic migration’ as well, as many to-and-fro migrants are locally nomadic or 
irruptive — instead of being territorial or functionally resident — in one or both of their seasonal 
ranges (Dean 2004). Any of the secondary classes may apply to the primary class to-and-fro 
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migration: altitudinal or non-altitudinal, high-dispersive or low-dispersive, directional, non-
directional, loop, circumglobal and/or differential. 
Irruptive migrations (I) 
Here we adopt Newton’s (2012) view that irruptive migrations are not distinct from to-and-fro 
migrations, but instead both are included in a single spectrum of migratory behaviour that is linked 
to the regularity of the taxa’s migrations. In this sense, each lie at opposite ends of a continuum of 
variation in migratory behaviour, in one extreme ‘obligate to-and-fro migrants’ and in the other 
‘facultative irruptive migrants’. While to-and-fro migrations are less variable, irruptive migrations 
present constant variation in their regularity, timing, distance or direction. Additionally, the 
proportion of individuals that migrate often varies in irruptive migrations across seasons. Along the 
continuum to-and-fro and irruptive, different taxa present different levels of variability of the 
forementioned traits. 
Among all the types of migratory movements described in the literature, nomenclature and 
descriptions on irruptions are among the most cumbersome. The phenomenon has been called 
‘dispersion’ (Cote et al. 2017; Del Lama et al. 2015; Winger et al. 2018), ‘dispersive migrations’ 
(Eyres et al. 2017), ‘facultative migrations’ (Newton 2012; Winger et al. 2018), ‘facultative 
altitudinal migrations’ (Hsiung et al. 2018) and ‘invasions’ (Svärdson 1957). Furthermore, to date, 
only long-distance Nearctic–Neotropical, Arctic–African and Australasian irruptive migrations 
specialising in fluctuating numbers of prey and masting, and taxa that irrupt in response to high 
population densities have been well described (e.g. Newton 2012; Rappole 1995; Berthold 2001; 
Cottee-Jones et al. 2016). In this paper we also consider irruptive migrations movements (1) of 
smaller magnitude and triggered by any reason (additionally to prey and masting cycles), (2) that 
may take place in any region of the globe (additionally to boreal zones) and (3) which present the 
same frequency of variation in timing, destination and fluctuation of individuals engaged. For 
example, some savannah species move periodically in response to fire: tall-grass species move to 
older grassland and fire-followers to recently burnt areas. An example is the Grasshopper sparrow 
Ammodramus savannarum, which regularly performs irruptive migrations in response to managed 
fire and grazing within its breeding range in Kansas, USA (Williams & Boyle 2018). In the Brazilian 
Cerrado, yearly fire events trigger the irruptive migrations of a number of tall-grass irruptive taxa, 
whose migrations are more pronounced around every three years when dry biomass is extremely 
abundant and the burned areas are more extensive (Pereira & Gama 2010). Another group of 
irruptive migrants are the insectivorous bamboo-specialists of tropical forests that inhabit the same 
bamboo patch for many years at a time and irrupt to find new habitat when the patch dies off 
(Budke et al. 2010; Areta & Cockle 2012). 
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Irruptive migrations include a range of movements that are more or less regular and predictable in 
timing and destination (more than nomadic and less than to-and-fro migrations). In some taxa, 
more regular irruptions may take place most years consistently along an axis, but where they settle 
is influenced by where they find the right conditions en route, which means onward migration might 
be suppressed, for example in the case of White storks (Berthold et al. 2004). Nevertheless, taxa 
that have less regular irruptions show less site fidelity, with larger variation in seasonal ranges, and 
some or all individuals might even skip migration in some seasons. An example of intermediate site 
fidelity is found among long-distance irruptive migrants that travel between breeding and non-
breeding areas and use the same breeding range yearly, but take different migration directions in 
each non-breeding season, for example, the Bohemian waxwing Bombycilla garrulus (Newton 
2006). Yet, irruptive birds often display strong nomadic behaviour in one or both of their seasonal 
ranges, staying in one area as long as resources are suitable and moving away when resources 
are insufficient. For example, the Letter-winged kite Elanus scriptus has a fluctuating distribution in 
the arid zone of eastern Australia, where it congregates moving nomadically in response to prey 
but occasionally irrupts to the margins of the continent (Garnett et al. 2010; IUCN Red List 2018). 
The frequency of irruptive migrations may vary within and among taxa, occurring annually or less 
frequently. For example, in North America irruptions of some Northern goshawks Accipiter gentilis 
re-occur at one- to ten-year intervals depending on the location (Kennedy 2003). On the other 
hand, Snowy owls Nyctea scandiaca irrupt every three to five years, tracking the numbers of 
several lemming species on which they feed (Gilg et al. 2006). Irruptive taxa that depend on the 
same resource or are affected by the same threatening event tend to irrupt in the same years. 
Examples of the latter include the Blue tit Cyanistes caeruleus and the Great tit Parus major, which 
feed on Beech Fagus sylvatica mast, and the Common crossbill Loxia curvirostra and the Great 
spotted woodpecker Dendrocopus major, which feed on spruce seeds (Newton 2006). 
The irruptive migration class may be mixed with to-and-fro and nomadic migration, and may be 
accompanied by any of the secondary classes: altitudinal or non-altitudinal, dispersive or low-
dispersive, directional, non-directional, loop, circumglobal and/or differential. 
Example of a mixed migration: 
- To-and-fro irruptive (TI): A subspecies of the White-crowned sparrow, Zonotrichia leucophrys 
oriantha, is a to-and-fro migrant that spends the boreal winter in Mexico and breeds in the Sierra 
Nevada Mountains, where they settle mostly at the highest elevations up to 3030 m. In every 
breeding season — multiple times but with varying timing and frequency — these birds irrupt to 
lower elevations when the weather deteriorates. They stay in these lower altitudes for days at a 
time and when the weather improves they move back to higher elevations (Hahn et al. 2004). 
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Nomadic migrations (M) 
Nomadic migrations are even more spatially and temporally irregular than irruptive migrations, with 
birds migrating in various directions, usually through widely separated areas and residing for days, 
months or years at a time wherever resources are available (Dean 2004; Berthold 2001). Here we 
suggest that nomadism can be placed on the same continuum of movement plasticity as described 
by Newton (2012), ranging from ‘obligate to-and-fro migrants’ to ‘facultative irruptive migrants’, but 
stretching the continuum beyond the latter, being more flexible and irregular. In general, nomadism 
appears to account for a large proportion of bird movements in ecosystems where both the 
productivity in general and the density of resident birds are low, but stochastic pulses of high 
productivity occur in patches (Kingsford et al. 2010). During these pulses, the resources are 
sufficient to support a major influx of birds, as is the case in boreal and tundra regions and deserts, 
as well as in the arid regions of Australia, South Africa and South America (Dean 2004; Berthold 
2001). Several taxa of waterbirds in arid ecosystems track water bodies and precipitation, such as 
the highly nomadic Banded stilt Cladorhynchus leucocephalus in Western Australia (Kingsford et 
al. 2010). Thousands of these stilts respond quickly to unpredictable rainfall in arid regions by 
moving hundreds of kilometres to flooded locations where they breed synchronously (Dean 2004; 
Pedler et al. 2014; Kingsford et al. 2010). 
Nevertheless, nomadic taxa are also present in ecosystems of high productivity. For example, 
bamboo-seed-specialist birds move nomadically in response to masting and die-off cycles of mass-
flowering bamboos in the rainforests of the Americas, Asia, Oceania and Africa — but are different 
from the irruptive insectivorous bamboo-specialists, which inhabit bamboo patches for longer 
periods during their vegetative growth (Areta & Cockle 2012). These masting events take place at 
large intervals of time (from 3 to 120 years) for each plant and only happen for a few months or 
years at a time. However, the spatio-temporal occurrence of seeding is stochastic because the 
cycles of individual plants are not synchronised, thus some bamboo-seed-specialist birds 
periodically search nomadically for bamboo patches with enough resources. For example, in South 
America the Purple-winged ground-dove Claravis geoffroyi, the Temminck’s seedeater Sporophila 
falcirostris and the Buff-fronted seedeater S. frontalis are associated with masting of the two 
common native Guadua bamboos G. trinii and G. chacoensis (Areta et al. 2009; Areta & Cockle 
2012). In East Africa, the Magpie mannikin Spermestes fringilloides relies on seeds of the Bindura 
bamboo Oxytenanthera abyssinica, which produces seeds approximately every 30 years, in some 
locations for up to seven years, and these birds move elsewhere when few bamboo seeds remain 
(Areta et al. 2009). 
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Nomadic taxa often breed opportunistically, in response to pulses of availability of the resources on 
which they rely (Cornelius et al. 2012). They are capable of breeding at short intervals and react 
quickly to environmental conditions, and juveniles are sexually mature within a few weeks or 
months after fledging (Berthold 2001). These strategies enable them to breed by exploiting 
resources that might not be available again for a long time at the same location (Berthold 2001). 
Crossbills (both Red Loxia curvirostra and White-winged L. leucoptera) that inhabit the north-
temperate zone, for example, are able to breed throughout most of the year and do so when 
enough conifer cones are available for feeding (Cornelius et al. 2012). In the case of bamboo-
seed-specialists, the supply of bamboo seeds is the main limitation to their breeding (Areta et al. 
2013). Another interesting example are Zebra finches Taeniopygia castanotis in Australia (some 
nomadic), which can maintain near-readiness to breed for long periods of time and whose juveniles 
mature very quickly, so that they are capable of reproduction as soon as rain falls and enough 
grass seeds, their main food resource, are available (Hahn et al. 2014; Cornelius et al. 2012). 
Nomadic birds can move in pairs, small flocks or very large flocks (Dean 2004). The movement of 
nomads that move in small flocks or that are non-congregatory is often called wandering in the 
literature (e.g. del Hoyo et al. 1992–2013; Hilty 2003). The problem with this term is that it is also 
applied in these sources in a variety of other contexts and with a variety of meanings, for example 
as a synonym for vagrant or to describe daily foraging or exploratory movements. An example of 
the latter is the description of the movements of the Undulated tinamou Crypturellus undulatus in 
Hilty (2003). We suggest that the term wander should only be used as a verb to describe 
behaviour, but not as a substitute to any of the classes described in this typology, for example not 
to label a taxon as a wanderer instead of nomadic or irruptive. Nevertheless, segregatory and 
congregatory behaviours of nomads can be classified using the classes high-dispersive and low-
dispersive respectively, which are discussed further. 
 Examples of mixed migrations: 
- To-and-fro nomadic (TM): Many long-distance to-and-fro migrants behave nomadically only in 
one of their seasonal ranges. As an example, the Swift parrot Lathamus discolor breeds in 
Tasmania and migrates to mainland Australia annually for its non-breeding season where it is 
nomadic in response to drought (Saunders et al. 2016). 
- Irruptive nomadic (IM): Trumpeter hornbills Bycanistes bucinator in eastern South Africa hold 
small home ranges during the breeding seasons mostly within large continuous forests and in the 
non-breeding season they irrupt to forest patches within agricultural landscapes and residential 
areas and ‘switch’ to nomadism, with clustered daily ranges (Lenz et al. 2015). 
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Undefined migrations (U)  
For several taxa, there is evidence of the prevalence of migration because periodically, at regular 
or irregular intervals, the taxon is (or is not) detected at given locations at certain times, but not 
enough is known about its movements to determine the type of migration. Many examples exist 
among hummingbirds, most of which track spatio-temporal availability of resources because they 
cannot store energy long-term (Cotton 2007). Nevertheless, given their small size, difficulty to 
recapture and habitat (e.g. vast areas of tropical forest), their movements can be difficult to study. 
Some species are only present seasonally in one or more regions, but the full extent of their 
movements are not known, such as the White-necked Jacobin Florisuga mellivora and the Black-
throated mango Anthracothorax nigricollis (Cotton 2007), and the altitudinal undefined migrations 
(code Uh) of the Andean Oreotrochilus estella and White-sided hillstars Oreotrochilus leucopleurus 
(Herzog et al. 2003). Another example is the New Zealand Storm-petrel Fregetta maoriana, 
reported to be absent from Hauraki Gulf from June to September each year and seen in moult off 
the coast of Australia (del Hoyo et al. 1992–2013). 
Resident/ Sedentary (R) 
Resident taxa are also commonly referred to as sedentary or non-migratory. They remain 
throughout the year in the same general area, where they perform everyday routine movements, 
typically between nesting or roosting sites and feeding sites, or among feeding sites (Newton 
2007). The size of the home range and the daily distance covered vary greatly between taxa. 
Some species move small distances, such as the Ochre-flanked tapaculo Eugralla paradoxa that 
forages over areas of a few metres (Sieving et al. 1996). On the contrary, the home range of 
others, such as the Martial eagle Polemaetus bellicosus, covers hundreds of square kilometres 
(Van Eeden et al. 2017). All resident and migratory birds perform everyday movements, but 
entirely sedentary taxa do not additionally perform any of the migratory movements described 
above. 
We classify taxa that live permanently at high altitudes as ‘altitudinal residents’ (code Rh) because 
most conservation issues that apply to altitudinal migrants, such as habitat and niche loss due to 
climate change, also apply to them. Additionally, these taxa’s data will be associated the high 
elevation where effort took place. Two examples of altitudinal resident species are the Mount 
Karthala White-eye Zosterops mouroniensis that occurs between the altitudes of 1600 m and 
2360 m and the Grand Comoro Bulbul Hypsipetes parvirostris that occurs from sea level to 
2360 m, both on the Mount Karthala on Comoro Islands (Monticelli 2013; BirdLife International 
2019). 
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Insufficient data (Y) 
Taxa are classified as insufficient data when no information exists to whether they are migratory or 
sedentary for lack of knowledge about their movements or the taxon in general (e.g. data deficient 
bird taxa in Butchart & Bird 2010). As an example, the Blue-wattled bulbul Pycnonotus 
nieuwenhuisii is known from only two specimens, one collected in Borneo in 1900 and another 
from Sumatra in 1937, plus a few observations, with no conclusive information about any of its 
natural history (del Hoyo et al. 1992–2013; Butchart & Bird 2010; Collar 2014; BirdLife International 
2018). Somewhat more is known about the Grey friarbird Philemon kisserensis, which is endemic 
to the islands of Kisar, Leti and Moa in Indonesia. While this species is common in some locations, 
we have no information about its movements (del Hoyo et al. 1992–2013; Trainor & Verbelen 
2013; BirdLife International 2018; IUCN Red List 2018). 
Secondary classes 
Spatial 
Altitudinal (h) and Non-altitudinal (xh) 
Most previous publications have used the qualifier ‘altitudinal’ to taxa that perform to-and-fro 
migrations between breeding and non-breeding grounds in different elevations (e.g. Hsiung et al. 
2018). We extend this definition to also describe taxa that reside permanently at high altitudes (as 
migrants or residents) and taxa that cross elevational gradients during migrations even if only en 
route. For example, many waterbirds in Australia migrate between the eastern coast and inland 
Victoria across the Great Dividing Range passing at altitudes above 1800 m (Guay et al. 2012). 
Qualifying migrants that do not necessarily stop in these high regions as altitudinal is relevant to 
their conservation because they might be affected by threats (e.g. aircraft, wind turbines and 
hunting) in the airspace on passage (Davy et al. 2017). Furthermore, in datasets, they are 
commonly associated with high elevations when their occurrence in passage is detected during 
surveys in these high altitude regions, for example Townsend’s warblers Setophaga townsendi 
(Delong et al. 2005). Taxa in these three groups are expected to lose parts of or their entire range 
as a consequence of climate change, habitat loss and overexploitation (Colwell et al. 2008; Hsiung 
et al. 2018; Boyle 2011; Boyle & Martin 2015). As a consequence, many species are already 
threatened with extinction (Siegel et al. 2014).  
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Altitudinal migration can take a variety of forms, with individuals breeding at different altitudes and 
periodically (or eventually, as in altitudinal nomads) making uphill, downhill, or for a few species 
both uphill and downhill movements (Boyle 2017). The topographical features inhabited by 
altitudinal migrants may be mountains as high as the Himalayas (~9 km high) and the Andes 
(~7 km), but also other mountains of lower elevations, like the Great Dividing Range in Australia 
(~2 km) and escarpments like Serra do Mar on the coast of Brazil (~2 km). Some highly mobile 
taxa cover several kilometres on their vertical migrations, such as the Spotted owl Strix 
occidentalis, which undertakes at least 60 km yearly round trips in the Sierra Nevada mountains 
(Laymon 1989). However, many migrate only a few hundred metres vertically, such as the Great 
green macaw Ara ambiguous and many other species in the steep regions of Central America 
(Boyle 2011). 
Altitudinal may be a secondary class for the taxa within any of the primary classes: to-and-fro, 
irruptive, nomadic, undefined migrations, resident and insufficient data. All taxa that do not reside 
at high elevations nor perform migrations across elevational gradients may be classified as non-
altitudinal. 
Examples of altitudinal migrations and altitudinal residents: 
- To-and-fro altitudinal (Th): The American dipper Cinclus mexicanus moves between higher-
elevation breeding ranges and lower-elevation non-breeding ranges (Gillis et al. 2008); while the 
Hawaiian goose Branta sandvicensis breeds at lower elevations and migrates to higher elevations 
to spend the non-breeding season (Hess et al. 2012; Boyle 2017). 
- Irruptive altitudinal (Ih): The Purple finch Haemorhous purpureus and the Black-backed 
woodpecker Picoides arcticus perform irruptive migrations along the altitudinal gradients of Sierra 
Nevada (Wilson & Brown 2012; Rota et al. 2015), ranging from sea level to altitudes above 3000 m 
(BirdLife International 2019). Irruptive migration in these species is associated with variation in the 
production of cone crops of conifers (Wilson & Brown 2012) and the effects of fire on the 
concentrations of prey beetles (Rota et al. 2015) respectively. 
- Nomadic altitudinal (Mh): Palm lorikeets Charmosyna palmarum in the Solomon Islands and 
Vanuatu are nomadic over an altitudinal range from sea level to 1800 m (del Hoyo et al. 1992–
2013; BirdLife International 2018). In North America, Prairie falcon Falco mexicanus is nomadic 
between the altitudes of 200 m and 2000 m and occasionally moves up to 3700 m of altitude in the 
Rocky Mountains (del Hoyo et al. 1992–2013; BirdLife International 2018; Schmutz et al. 2018). In 
South America, the Vinaceous-breasted amazon Amazona vinacea inhabits and moves 
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nomadically within a mountainous part of the Atlantic Forest ranging from sea level up to 2000 m 
(BirdLife International 2019; IUCN Red List 2018). 
- Resident altitudinal (Rh): the Hooded yellowthroat Geothlypis nelsoni is a resident endemic to the 
highland plateau of central Mexico at elevations between 1400 m and 3100 m at least, over an 
area of 304,000 km2 (del Hoyo et al. 1992–2013; BirdLife International 2018). 
High-dispersive (d) and Low-dispersive (xd) 
We adopt the terms high-dispersive (or dispersive as a synonym) and low-dispersive (or non-
dispersive as a synonym) solely to characterise change in the mean distance between individuals 
within taxa (as in Baker 1978), as a consequence of to-and-fro, irruptive and nomadic migrations. 
We also use these terms to describe undefined migrations (although it seems unlikely that the 
primary class of movement is unknown, given that the dispersiveness is known). Nevertheless, in 
various published and unpublished sources, the word ‘disperse’ and its variants (i.e. dispersal, 
dispersive, etc.) are commonly used with various meanings (Dingle 2014), for example, to describe 
what we define as irruptive migrations (e.g. Cote et al. 2017). Other types of movements usually 
referred to as dispersions that may be non-migratory are post-breeding, post-natal and spreading 
movements (e.g. Hobson et al. 2003), and these are further explained in Section 2.4. In sedentary 
taxa, these latter movements are performed to find new territory or to re-establish old territory and 
they do not entail return movement, while in some migratory taxa they are a component of 
migrations, and in both cases they may or may not be dispersive (Newton 2007). 
Dispersiveness of migration can be measured as the relative difference in area between the 
seasonal ranges of a taxon, as calculated by Gilroy et al. (2016). However, Gilroy et al. (2016) only 
measure dispersiveness at the non-breeding area relative to breeding areas, but not the other way 
around, and do not consider migration routes. Here we define a movement as dispersive if any 
seasonal range is substantially different in size than another seasonal range, either because the 
birds migrate between smaller and larger regions, or because they migrate through bottlenecks. 
These movements may or may not involve a change in the centre of gravity of a taxon’s distribution 
(Berthold 2003) and they happen as a result of alternations in aggregation of individuals (Baker 
1978) – see Figure 8. 
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Figure 8: Seven types of hypothetical configurations of dispersive migrations. Migration 
between two seasonal ranges which are (a) completely separated, (b) overlapping at 
different proportions, c) up to 100% overlap of one of the ranges, (d) adjacent where any 
percentage of the edges touch and e) up to 100% adjacency of one of the ranges. Migration 
occurs (f) from one region to multiple regions that together are larger than the first and (g) 
through bottlenecks, where some taxa congregate temporarily during migration. 
On the other hand, the size of the seasonal ranges and the density of individuals of low-dispersive 
migratory taxa do not change significantly (compared to dispersive taxa) among regions or stages 
of migration. Some low-dispersive taxa are spread through large areas and migrate in a broad front 
to another large area, for example the Dunlin Calidris alpina migrating annually between the most 
northern regions of the Americas and Eurasia and lower latitudes worldwide (del Hoyo et al. 1992–
2013). Other taxa have more restricted range and migrate to other areas that are equally restricted, 
for example the Whooping crane Grus americana migrating yearly between Wood Buffalo National 
Park, Canada, and Aransas National Wildlife Refuge, USA (Tacha et al. 2010). 
Nevertheless, on the global scale, the dispersiveness of taxa varies along a continuum. This trait 
may be measured as the ratio between the sizes of the taxon’s seasonal ranges when qualitative 
data is available. However, as these data are often lacking, we suggest the definition of a threshold 
that will often be case-specific. For example, in this study we classified taxa as dispersive if the 
literature stated that — or if by visual interpretation of distribution maps it appeared that — at least 
one of the taxon’s seasonal ranges was roughly 50% smaller or larger than another one, otherwise 
we classified them as low-dispersive (Figure 9). 
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Figure 9: Dispersiveness in to-and-fro and irruptive migrations. The y axis represents a 
continuum of ‘migration dispersiveness’, where the taxa’s seasonal ranges are increasingly 
different from one another in size. The x axis shows variation in the shift in the centre of 
gravity (Griffioen & Clarke 2002), from small to large, noticing that the largest distance 
possible between two bird ranges is the circumference of the Earth divided by two, which is 
approximately 20,000 km. 
Examples of dispersive migrations: 
- To-and-fro dispersive (Td): Many seabirds disperse in various directions from their nesting 
colonies to areas rich in food for the non-breeding season and then return to the same colonies 
every following breeding season, like some Yellow-legged gulls Larus michahellis (Kralj et al. 
2018). An example of a landbird is the Northern wheatear Oenanthe oenanthe, whose breeding 
range is spread over most of Eurasia and North America and the entire population spends the 
boreal winter in a smaller area in central Africa (Bairlein et al. 2012; Blackburn & Cresswell 2016). 
- Irruptive dispersive (Id): Several taxa of insectivorous bamboo-specialists that inhabit the tropical 
forests of the Americas, Asia, Oceania and Africa (Areta & Cockle 2012) show this movement type. 
These are distinct from the more dynamic and stochastic movements of seed bamboo-specialist 
nomadic birds, which depend on the resources available during relatively shorter masting periods 
before bamboo patches die. The insectivorous bamboo-specialists inhabit bamboo patches during 
their vegetative growth phase (Budke et al. 2010). They pass from a period of abundant habitat 
and food resources to a period of extreme resource scarcity during bamboo burns or die-offs, when 
they irrupt to several directions to find new viable bamboo patches (Areta & Cockle 2012). Some 
examples include the Kaempfer's woodpecker Celeus obrieni (Leite et al. 2013), the White-
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cheeked tody-flycatcher Poecilotriccus albifacies and the Striated antbird Drymophila devillei 
(Socolar et al. 2013).  
- Nomadic dispersive (Md): In Australia, the Major Mitchell’s cockatoo Cacatua leadbeater is mostly 
dispersed during the breeding season, with each breeding pair usually nesting at least 1 km apart, 
but they aggregate in nomadic flocks of tens — and eventually hundreds — of birds during the 
non-breeding season (Rowley & Chapman 1991). 
Examples of low-dispersive migrations: 
- To-and-fro low-dispersive (Txd): The Townsend's warbler Setophaga townsendi occurs in 
western North America and in Central America, and migrates yearly between both regions along a 
north-south axis moving through the western mountains and along the coast. Its breeding and non-
breeding ranges are estimated to be 3,660,000 km2 and 4,130,000 km2, respectively (BirdLife 
International 2019). 
- Irruptive low-dispersive (Ixd): The irruptive Pine siskin Spinus pinus breeds in Canada over an 
area of approximately 25,700,000 km2 and migrates on average every two years (but sometimes in 
consecutive years or at intervals of more than three years) over a large front to their non-breeding 
grounds in the USA (approximately 22,500,000 km2) (del Hoyo et al. 1992–2013; Strong et al. 
2015; BirdLife International 2018). 
- Mixed irruptive nomadic low-dispersive (IMxd): The Flock bronzewing Phaps histrionica is a low-
dispersive Australian pigeon that mostly lives permanently in flocks of tens, hundreds and 
sometimes thousands of individuals. They periodically perform long-distance irruptions to exploit 
seeding pulses and most of the time are locally nomadic (Forshaw & Cooper 2015). 
Directional (e), Non-directional (xe), Loop (l) and Circumglobal (c) 
Directional migrants use the same route in their outward and inward migrations, and we include in 
this group routes of any shape, as long as they are mostly the same both ways. Examples 
comprise migrations in the shape of an arch of several landbirds between Latin America and the 
east coast of the United States, including the Golden-cheeked warbler Setophaga chrysoparia (del 
Hoyo et al. 1992–2013; King et al. 2012). 
Nevertheless, many taxa use different routes in each part of their migrations for various reasons, 
for example, to access resources or due to the weather, and we call these migrations non-
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directional. For instance, each year Rufous hummingbirds Selasphorus rufus migrate along the 
coast from Mexico to Alaska but take an inland path during their southbound migration (Supp et al. 
2015). These non-directional routes might resemble a variety of different shapes; Sooty 
shearwaters Puffinus griseus, for example, migrate along a figure-of-eight-shaped route in their 
65,000 km yearly round trip between New Zealand and the north of the Pacific Ocean (Shaffer et 
al. 2006). 
Some routes of non-directional migrations resemble a circle, usually called loop migrations, for 
example in the case of the Eleonora’s falcon Falco eleonorae, which migrates between the 
Mediterranean and Madagascar on a significantly more easterly front during northward than during 
southward migration (Mellone et al. 2013). An extreme type of loop migration called circumglobal is 
common in seabirds and shorebirds that use routes with favourable wind patterns to aid their flight 
around the world. For example, several Antarctic seabirds, including immature Southern giant 
petrels Macronectes giganteus, perform circumpolar migrations, flying eastward around the world 
in the Southern Ocean (Newton 2007). These taxa tailor their migration routes to avoid or use 
particular wind regimes, because some of them, such as albatrosses, rely on wind for efficient 
flight, and it is likely that some follow the strong circumpolar westerly flow (Weimerskirch et al. 
2015). These movements may happen yearly or in every second year, yet in one year individuals 
may fly around the globe multiple times (Weimerskirch et al. 2015). Although we consider 
circumglobal a type of loop migration, when it is present we only mention the class ‘circumglobal’ 
(as a reference to ‘loop circumglobal’, but omitting the term ‘loop’ for simplification). 
Differential migrations (f) 
In differential migration, the timing, direction or distance of migration differs among groups of 
individuals within taxa, so that at certain points in time they are located in different regions 
(Berthold et al. 2003; Newton 2007). We focus on intra-taxon segregation between sex and age 
groups because they are easily distinguishable and have major implications for conservation 
(Dingle 2008; Nebel 2007). When the ranges, route and timing of migration differ among 
demographic segments of a population, multiple areas need to be targeted for conservation at the 
time that they are important to each of these groups, because stressors affecting any of these 
groups could reduce effective population size (Nebel 2007). For example, in some species of 
shorebirds, both sexes migrate at the same time after the breeding season, such as the Black-
tailed godwit Limosa limosa. In other species, females remain with the young until they fledge, and 
the males leave earlier, for example the Curlew sandpiper Calidris ferruginea, and in some the 
males raise the young and the females migrate earlier, for example the Grey plover Pluvialis 
squatarola (Newton 2007; Nebel 2007). 
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In addition to being a secondary class to any of the migration classes, resident taxa may also be 
differential, in case only one group of sex or age migrates, while the other does not. 
Classes for regional use only 
Here we present classes that may be applied to taxa in a certain region to describe the region’s 
role in the migration cycle. Often, several classes could be true to a taxon in a given location. 
Using these secondary classes at the global scale is not warranted since most of them are 
expected to apply to all taxa at some point in their lifecycle. We suggest that regional classes are 
applied to taxa only within a specific seasonal range (e.g. the Horsfield's bronze-cuckoo Chalcites 
basalis and the Black-faced monarch Monarcha melanopsis are to-and-fro migrants breeding in 
Australia; Garnett et al. 2015) or to a specific location (e.g. taxa in a plot or bioregion, or a national 
or continental assessment). Exceptionally, vagrancy (explained further), although a regional class, 
is not a modifier (secondary class) to any of the primary classes. 
Breed (b) 
Areas where the taxon breeds. For example, many islands and surrounding ocean are breeding 
ranges for seabirds because most spend their breeding season in these areas and move further 
away during the non-breeding season. Christmas Island and the surrounding ocean are the 
breeding range of the Christmas Island frigatebird Fregata andrewsi, as post-breeding they migrate 
to the Philippine Sea and the Indian Ocean (James 2004). Commonly, breeding sites are also used 
for moulting and often they are substantially smaller than other sites used by the taxon, in which 
case are considered bottlenecks. This is true for many seabirds and some altitudinal to-and-fro and 
irruptive migrants, which breed in small islands and mountaintops respectively and disperse in 
various directions for the non-breeding season. Additionally, more than one region on the migration 
route can be a breeding ground; for example, some to-and-fro migrants breed at ‘both ends’ of 
migration, such as the Yellow-breasted chat Icteria virens (Rohwer et al. 2009). 
Not-to-breed (xb) 
Areas where the taxon passes through during migration or stays in for any reason other than 
breeding. For example, the Oriental pratincole Glareola maldivarum and the Little ringed plover 
Charadrius dubius are non-breeding migrants in Australia (Garnett et al. 2015). This class may be 
mixed with ‘moult’, ‘escape’, ‘bottleneck’ (if the non-breeding site is substantially smaller in area 
than other sites used by the taxon) and/or ‘passage’ (or ‘stopover’). 
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Moult (o) 
The timing and geographic location of moult often depends on relative food abundance and varies 
at individual and population level (Leu & Thompson 2002). Birds may moult completely or partially 
in any of their seasonal ranges, or even while migrating, and some undergo migrations to specific 
moulting sites (Berthold 2001; Newton 2007; Leu & Thompson 2002). For example, Orange-
crowned warblers Vermivora celata migrate from lower to higher elevations of Sierra Nevada to 
moult, while Purple martins Progne subis moult during migration (Leu & Thompson 2002), and 
Bobolinks Dolichonyx oryzivorus moult both at the breeding and the non-breeding ranges (Renfrew 
et al. 2018). 
Escape (z) 
Escape movements happen when birds move in response to life-threatening conditions, such as 
adverse weather, predation or disturbance (Berthold et al. 2003; Newton 2007). In migratory 
escape movements, species settle in one or more locations as a consequence of escaping. These 
migratory escape movements are recurrent and in some taxa they even occur regularly at 
predictable times — although, depending on the level of threat, they may not occur at all in some 
years (Berthold 2001). Escape movements can occur, for example, when a wetland freezes, snow 
covers the ground or after a storm, all of which reduce foraging opportunities (Boyle et al. 2010). 
For example, the irruptive migrant White-ruffed manakin Corapipo altera moves vertically on the 
Atlantic slope in north-east Costa Rica in response to storms (Boyle et al. 2010; Boyle et al. 2011). 
We explain non-migratory escape movements in Section 2.4. 
Bottleneck (k) 
A bottleneck is a portion of the range that is narrower or smaller than the remainder of the 
distribution, where conservation is usually critical for migratory species survival (Iwamura et al. 
2013). Frequently, stopover sites are bottlenecks, but other parts of the range, such as the 
breeding range, can also be bottlenecks. For example, the Steppe eagle Aquila nipalensis 
migrates between Saudi Arabia and north-eastern Africa, passing through bottlenecks both ways in 
a loop migration around the Red Sea: southbound via the strait of Bab-El-Mandeb and northbound 
via Suez (Meyburg et al. 2003). 
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Passage (g) 
In passage regions, taxa pass on migration but do not stop. The Mediterranean Sea and the 
Sahara Desert, for example, are important for passage for a number of species of the 
Mediterranean – Black Sea Flyway, with some taxa making non-stop flights over the sea and the 
desert (Biebach et al. 2000). Effective mitigation of threats in the air column might be relevant in 
such regions, even though birds might not actually stop on the ground (Davy et al. 2017). 
Stopover (s) 
Stopovers (or ‘stepping stones’ or ‘staging sites’) are where birds stop and stay for some time 
(hours to days), but on average for less than they stay in other areas, one of which is usually a 
breeding location. Stopover sites are usually roosting or foraging sites on the migration route and 
they are often bottlenecks. For example, the Yellow Sea in East Asia is an important stopover (and 
bottleneck) for many shorebird species migrating along the East Asian – Australasian Flyway, 
where they feed and rest before continuing their journey (Iwamura et al. 2013). 
Vagrant (v) 
Vagrant individuals move in a markedly different direction or much further than the majority of the 
population. They are sometimes referred to as ‘wanderers’, but to avoid confusion, we advise use 
of the the term ‘wander’ only as a verb rather than as a class, because it is also commonly used in 
the literature to describe the movements of nomadic birds — e.g. as in Hilty (2003). There is much 
debate about the causes of vagrancy, including bad weather, reverse migration, dispersal to 
colonise new areas and genetic mutation that affect the individual’s movement behaviour (Gilroy & 
Lees 2003; Davis & Watson 2018). For example, the King eider Somateria spectabilis has 
occurred as a vagrant in Belarus, Belgium, Czech Republic, France, Germany, Hungary, Ireland, 
Italy, Kazakhstan, Latvia, Lithuania, Netherlands, Poland, Portugal, Spain and the United Kingdom 
(IUCN Red List 2018). Vagrants to Australia include Eurasian wigeons Mareca penelope, Greater 
flamingoes Phoenicopterus roseus, Savanna nightjars Caprimulgus affinis, Ruddy-breasted crakes 
Zapornia fusca, Vanuatu white-necked petrels Pterodroma cervicalis, Chinstrap penguins 
Pygoscelis antarcticus, Stejneger's petrels Pterodroma longirostris, Caspian plovers Charadrius 
asiaticus and Red-billed tropicbirds Phaethon aethereus (Garnett et al. 2015). 
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2.4 Movements performed by birds regardless of their migratory status 
All bird taxa perform a variety of non-migratory movements within their home range (or seasonal 
home range in the case of migrants), such as station keeping, foraging and ranging (Dingle 2014). 
However, different taxa of birds perform, more or less frequently, longer movements outside their 
home range to another location that will often permanently — in the case of non-migrants — or 
temporarily — in the case of migrants — be their new home range. These longer movements are 
called post-breeding, post-natal, spreading and escape movements, they are performed by birds 
regardless of their migratory syndrome and they also take place in resident birds. The scale of 
post-breeding, post-natal, spreading and escape movements is highly variable, from species 
moving just a few metres to those moving over thousands of kilometres. Next, we describe these 
longer movements and give examples among migratory and non-migratory species. 
Post-breeding movements 
Post-breeding movements are movements from breeding areas to sites where non-migratory taxa 
colonise and migratory taxa remain for some time before moving elsewhere (Berthold et al. 2003; 
Newton 2007; Rappole 1995). Two extremes of non-migratory post-breeding movements are 
exemplified by the Golden eagle Aquila chrysaetos, which wanders for hundreds of kilometres to 
find a vacant territory (Moss et al. 2014), and the Chucao tapaculo Scelorchilus rubecula, which 
flies up to a few hundred metres only after breeding (Sieving et al. 1996). Despite the difference in 
distance covered during the movements of these two species, they are essentially the same 
phenomenon — a brief phase of the life cycle where individuals are in search of a new territory. 
Some to-and-fro, irruptive and nomadic taxa perform post-breeding/pre-migratory movements for a 
variety of reasons, for example, to moult or to exploit temporarily abundant food resources to 
improve body condition before longer migrations. Some individuals of Lesser kestrel Falco 
naumanni breed in Portugal, then move north to Spain before they migrate to Africa for the non-
breeding season (Catry et al. 2011). 
Post-natal movements 
Juveniles of almost all bird species move away from their natal sites within a few weeks or months 
of fledging (Berthold 2001). Post-natal (and post-breeding) movements differ among species, 
populations, sexes and age (Pusey 1987), and post-natal (and post-breeding) movements of 
migratory species are usually longer compared to those of resident species (Paradis et al. 1998). 
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In most to-and-fro and irruptive migrants, individuals show high site fidelity after reaching maturity 
and periodically return to their birthplace or nearby. However, for nomadic and sedentary species 
the post-natal dispersal movement is often one-way. During post-natal dispersal, juveniles may 
settle inside the territories of old individuals, and replace adults that die — for example, the 
Siberian nuthatch Sitta arctica — or establish their own territories straight away — for example, the 
European populations of Western nuthatch Sitta europaea (Pravosudov 1993). 
Spreading movements 
Spreading movements (also known as expansions or invasions) lead to a temporary or permanent 
increase or shift in species distribution (Berthold 2001). These movements may be active, when 
the birds deliberately move to these new locations, or passive, for example when they are 
introduced to locations where they had not occurred before. The time frame of this expansion 
varies from hours (e.g. in the case of a weather event that forces individuals to a new area where 
they settle) or months to decades or even centuries. For example, the Collared dove Streptopelia 
decaocto was restricted to South Asia until around the 16th century and by the 1900s its distribution 
had expanded to other regions of Asia and most of Europe (Bosch et al. 1992). Movements of 
migrants that perform ‘to-and-fro dispersive’ or ‘irruptive dispersive’ migrations may be confused 
with spreading movements, but if these movements take place repetitively within or across years, 
the taxa should be classified with the appropriate primary migration class accompanied by the 
secondary class ‘dispersive’. 
Escape movements 
Non-migratory escape movements may occur in any species as a daily behaviour (for examples of 
birds escaping predation see Lima 1993) or as isolated major events, such as at Lake Constance 
in Germany in 1962–63 and the Baltic Sea in 1966, when large bodies of water completely froze 
and many species of birds had to leave (Berthold 2001). An example of large scale non-migratory 
escape movement is performed by Common swifts Apus apus. These swifts can travel up to 
2000 km in flocks of up to 50,000 birds to escape from thunderstorms by flying ahead of them for a 
while, later crossing them, and returning behind the storm front (Newton 2007). Their escape 
movements, although recurrent, do not constitute migration because they return to the same 
original area after escaping without settling elsewhere as a result of the movement. 
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2.5 Methods: applying classes to species 
Each taxon may display one, two or more of the primary classes, some of which may be 
accompanied by one or more of the secondary classes in Table 2, and each must be recorded 
using their respective character to form a code. This code will include at least one capital letter 
when only one primary class prevails, for example ‘M’ and ‘Td’ mean nomadic and to-and-fro 
dispersive, respectively. Or it may have two or more capital letters, when two or more primary 
classes exist within the taxon, for example ‘Td-M’ means within one taxon one or more populations 
perform to-and-fro dispersive migrations, while one or more are nomadic. When multiple primary 
classes occur the characters should be separated by dashes (e.g. R-T-M for Species A in Figure 
6); however, in the case of mixed movements, the characters corresponding to the mixed 
movement should be written together without a dash (e.g. TM in Figure 6, species B). One taxon 
may present mixed movements in addition to other movements (mixed or not) or sedentarism. We 
suggest the mixed movement characters should be separated from the characters of other 
movements by a dash (e.g. R-TM for species B in Figure 6). When a type of migratory movement 
is not confirmed, the relating character should be preceded by the letter ‘P’ (as in 
possible/possibly). 
Global assessment 
In this section, we demonstrate the application of the migration typology to 13 bird species. These 
species live in different regions of the world, have different geographic range sizes, belong to 
different taxonomic groups and perform different kinds of movements (Figure 10). In Table 3 we 
provide a summary of these species’ movement classifications, and further we describe in detail 
how the assignments to categories were made, including the decision-making process, 
uncertainties and data sources. In cases where BirdLife International (2018) is cited as reference 
to altitudinal range, it means that we used this source to check the altitude within the species’ 
distribution range.   
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Figure 10: Bird species1 from our global case study and the typology codes for their 
movements — the full key is presented in Table 3. These species are from a range of 
different families and locations of the world, with varying range sizes, and they display 
various types of movements. The maps show each species’ extent of occurrence 
representing their total distribution (downloaded from IUCN Red List 2018). Some of these 
species movements are well-known (e.g. Common kestrels) while less is known about 
others (e.g. Red-billed parrots).  
                                                
1Credits for photos: Albatross JJ Harrison <commons.wikimedia.org/w/index.php?curid=16589641> 18/9/19. Coua DickDaniels <commons.wikimedia.org/wiki/File:Coquerel 
%27s_Coua_RWD3.jpg> 18/9/19. Eider Ron Knight <commons.wikimedia.org/w/index.php?curid=32940131> 18/9/19. Goose Tom Friedel <commons.wikimedia.org/wiki/File: 
Orinoco_Goose.jpg> 18/9/19. Hummingbird Steve Berardi <commons.wikimedia.org/w/index.php?curid=15076423> 18/9/19. Kestrel DiByendu Ash <commons.wikimedia.org/w/ 
index.php?curid=34706035> 18/9/19. Parrot Nomdeploom <commons.wikimedia.org/wiki/File:Red-billed_Parrot.jpg> 18/9/19. Petrel FabKacau <commons.wikimedia.org/wiki/File: 
P%C3%A9trel_noir_fabien_Jan_SEOR.jpg> 18/9/19. Plover Ron Knight <commons.wikimedia.org/wiki/Charadrius_veredus#/media/File:Charadrius_veredus_West_Timor_1.jpg> 
18/9/19. Nuthatch Moose Henderson <facebook.com/moosehendersonphoto/> kindly supplied on 24/10/18. Rail Silltruten <commons.wikimedia.org/w/index.php?curid=50724535> 
18/9/19. Seedeater Dario Sanches <commons.wikimedia.org/w/index.php?curid=15716483> 27/2/18. Owl Magnus Robb (Robb et al. 2016) kindly supplied on 20/6/19. Figure 
artwork by Kathryn James Designs. 
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Table 3: Classification of the movements of the species from our global assessment. The 
lower-case letters refer to spatial secondary classes (h: altitudinal, xh: non-altitudinal, d: 
high-dispersive, xd: low-dispersive, e: directional, xe: non-directional, l: loop, c: 
circumglobal and f: differential; for the full key for codes see Table 2). 
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 T I M U R Y 
Allen’s hummingbird 
Selasphorus sasin Thxdlf    R  Thxdlf-R 
- To-and-fro altitudinal low-dispersive loop 
differential migration. 
- Resident. 
King eider 
Somateria spectabilis 
Tdf    R  Tdf-R 
- To-and-fro dispersive differential migration. 
- Resident. 
Wandering albatross 
Diomedea exulans 
Tdf-
Tcf    Rf  Tdf-Tcf-Rf 
- To-and-fro dispersive differential migration. 
- To-and-fro circumglobal differential 
migration. 
- Resident differential. 
Common kestrel 
Falco tinnunculus 
Thf Idhf M  Rf  
Thf-ThfM-
Idhf-IdhfM-
Rf 
- To-and-fro altitudinal differential migration. 
- Mixed To-and-fro altitudinal differential 
Nomadic migration. 
- Irruptive dispersive altitudinal differential 
migration. 
- Mixed Irruptive dispersive altitudinal 
differential Nomadic migration. 
- Resident differential. 
Red-billed parrot    
Pionus sordidus  PIh   Rh  PIh-Rh 
- Probably Irruptive altitudinal migration. 
- Resident altitudinal. 
Oriental plover 
Charadrius veredus Tdf  M    TdfM 
- Mixed To-and-fro dispersive differential 
Nomadic migration. 
Buffy-fronted seedeater 
Sporophila frontalis 
  Mh    Mh - Nomadic altitudinal migration. 
Austral rail 
Rallus antarcticus 
   U   U - Undefined migration. 
Orinoco goose    
Neochen jubata    U PR  U-PR 
- Undefined migration. 
- Probably resident in some areas. 
Omani owl 
Strix butleri 
     Y Y - Insufficient data. 
Mascarene petrel 
Pseudobulweria aterrima      Yh Yh - Insufficient data altitudinal. 
Coquerel's coua 
Coua coquereli 
    R  R - Resident. 
Siberian nuthatch 
Sitta arctica 
    Rh  Rh - Resident altitudinal. 
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Species profiles 
Allen's hummingbird Selasphorus sasin (Thxdlf-R) 
- To-and-fro altitudinal low-dispersive loop differential (Thxdlf) 
- Resident (R) 
This taxon has two subspecies. S. sasin sedentarius is sedentary (R) occurring from coastal south-
western United States and on islands off the coast of California to Tijuana, Mexico (del Hoyo et al. 
1992–2013; Howell & Gardali 2003). The nominate subspecies, S. s. sasin is a to-and-fro (T) 
migrant that spends the breeding season on the western coast of the United States from Oregon to 
California and migrates yearly to Mexico for the non-breeding season (del Hoyo et al. 1992–2013; 
Howell & Gardali 2003; Wethington & Russell 2003; and BirdLife International (2018) classifies the 
species as full migrant). Passage southwards is primarily coastal and northwards through more 
inland routes — low-dispersive, loop (xdl) (Howell & Gardali 2003; Wethington & Russell 2003), 
with adult males leaving the breeding grounds on average one month before adult females — 
differential (f) (Howell & Gardali 2003). Altitudes above 2000 m are present both on the migration 
route and also in the non-breeding range — altitudinal (h) (BirdLife International 2019).  
King eider Somateria spectabilis (Tdf-R) 
- To-and-fro dispersive differential (Tdf) 
- Resident (R) 
King eiders breed along the Arctic coasts of Europe, North America and Asia. Some individuals are 
to-and-fro migrants (T) that move south to the north-east and north-west coast of North America, 
Iceland and islands north of the United Kingdom, and to the Pacific coast of Asia and Russia 
during the boreal winter, which is their non-breeding season (del Hoyo et al. 1992–2013; Mehl et 
al. 2004; Oppel et al. 2008; and BirdLife International (2018) classifies the species as full migrant). 
Other individuals are present year-round in some locations — resident (R). The migrants moult 
their flight feathers generally at locations intermediate to their breeding and non-breeding areas. In 
general, the annual cycle of the migratory populations includes breeding, moult migration, wing 
moult, boreal fall migration, non-breeding period, and boreal spring migration. Males start moult 
migration on average 32 days earlier than females (Oppel et al. 2008) — differential component of 
migration (f). The non-breeding range of individuals from the same breeding colony may be spread 
over multiple areas — dispersive component of migration (d), since they may migrate to different 
directions for the non-breeding season (Mehl et al. 2004). Another cause of dispersion is that while 
some birds migrate further after moulting, others do not and they stay on or near their moulting 
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areas then return to the breeding areas (Oppel et al. 2008). Furthermore, the IUCN Red List (2018) 
reports that the species is congregatory and dispersive. 
Wandering albatross Diomedea exulans (Tdf-Tcf-Rf)  
- To-and-fro dispersive differential (Tdf) 
- To-and-fro circumglobal differential (Tcf) 
- Resident differential (Rf) 
Wandering albatrosses occur in the southern temperate zones, mainly between 30ºS and 50ºS. 
They nest in colonies on islands and their breeding season lasts around a year, with some 
individuals breeding every year while others breed biennially (Weimerskirch et al. 2015). In this 
species three main patterns of movements can be observed, and differential (f) is a secondary 
class to all of them since the ranges of the juveniles have little overlap with those of the adults 
(Weimerskirch et al. 2006). Among individuals that breed annually some are sedentary and only 
take foraging trips around the breeding grounds — for example maximum ranges of ca. 3500 km in 
the Crozet and Kerguelen populations (Weimerskirch et al. 2015), with females foraging further 
away than males (Weimerskirch et al. 1997) — resident differential (Rf). Individuals that breed 
biennially usually perform up to three circumglobal migrations (Tc) around Antarctica, sometimes 
covering over 120,000 km in a single year, before returning again to their breeding areas 
(Weimerskirch et al. 2015). Among both groups that breed annually and biennially there are also 
to-and-fro dispersive migrants (Td) that depart from their breeding sites further from their usual 
foraging areas and spend some or all of the non-breeding season in other offshore areas and then 
return to their original breeding areas without going around the world. Weimerskirch et al. (2015) 
classify this latter group as sedentary with excursions, but we prefer to call them migrants as they 
move consistently between two locations that are several hundreds of kilometres apart (the nest 
site and surrounding ocean where they forage most of the time during the breeding season and a 
remote pelagic area where they might spend months at a time during their non-breeding season). 
Therefore, we classify their movements as having a consistent annual and biennial to-and-fro 
component. 
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Common kestrel Falco tinnunculus (Thf-ThfM-Idhf-IdhfM-Rf) 
- To-and-fro altitudinal differential (Thf) 
- Mixed: To-and-fro altitudinal differential Nomad (ThfM) 
- Irruptive dispersive altitudinal differential (Idhf) 
- Mixed: Irruptive dispersive altitudinal differential Nomad (IdhfM) 
- Resident differential (Rf) 
This species is well-known for their pronounced migrations (e.g. BirdLife International (2018) 
classifies it as full migrant); however, a wide range of different migration behaviours and sedentary 
birds are included in this taxon. Some populations, especially in the northernmost part of their 
range in Europe and Asia, are to-and-fro (T) migrants while others are irruptive dispersive (Id) (del 
Hoyo et al. 1992–2013; Newton 2006; Holte et al. 2016). However, some of these authors do not 
apply the term irruptive migrations to the facultative irregular movements that they describe. 
Irruptive dispersive migration over a shorter distance is also observed in other parts of the range, 
for example in South Africa (called facultative migrants by Van Zyl et al. 1994). Both to-and-fro and 
irruptive populations are highly adaptable to perform altitudinal movements (h) either as a target of 
their yearly migration, for example birds that spend the boreal summer in higher elevations and 
winter in lower elevations, or when altitudinal gradients are encountered en route, occurring 
between sea level to 5500 m (del Hoyo et al. 1992–2013; BirdLife International 2018). Some 
individuals, especially in southern and western Europe, are sedentary (R) (Holte et al. 2016). 
Discrepancy in movements of different ages and sex classes have been observed in to-and-fro and 
irruptive populations where juveniles and females move further than adults and males, and in 
sedentary populations males are more abundant than females (Holte et al. 2016; Vasko et al. 
2011; Kjellen 1994) — differential migration and differential sedentariness (Tf, If and Rf). Some to-
and-fro and irruptive migrants move nomadically (TM and IM) in their non-breeding range, 
especially in Africa, concentrating around insect outbreaks that provide a rich food resource (Van 
Zyl et al. 1994; Souttou et al. 2007; Newton 2006). 
Red-billed parrot Pionus sordidus (PIh-Rh) 
- Probably Irruptive altitudinal (PIh) 
- Resident altitudinal (Rh) 
This species has a small, patchy range of 4,550,000 km2 in Colombia, Venezuela, Ecuador, Bolivia 
and Peru between the altitudes of 100 m to 3000 m (h) (IUCN Red List 2018; Hilty 2003). 
Relatively little is known about its movements, but it is mostly assumed to be sedentary (R) (del 
Hoyo et al. 1992–2013; Hilty 2003). Local movements are observed during the dry season in 
Venezuela, but only when the wind is not strong (del Hoyo et al. 1992–2013; Hilty 2003), which 
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Hilty (2003) calls ‘seasonal nomadism’. We suggest irruptive migration as a more appropriate class 
because (1) the movement is not to-and-fro given that Hilty (2003) uses the term ‘nomadism’, (2) 
nevertheless there is some seasonal regularity, since these movements occur in the dry season 
and Hilty (2003) qualifies it as seasonal. It seems reasonable to conclude that there is an 
intermediate level of consistency in timing and destination, similar to irruptions, but given the lack 
of published information we prefer to classify it as possibly irruptive (PI). 
Oriental plover Charadrius veredus (TdfM) 
- Mixed: To-and-fro dispersive differential Nomadic (TdfM) 
Oriental plovers are annual to-and-fro dispersive migrants (Td) breeding in Mongolia and spending 
the austral summer in Australia for the non-breeding season (Pizzey & Knight 2012; Garnett et al. 
2015; BirdLife International 2018). The IUCN Red List (2018) reports the species as full migrant, 
congregatory and dispersive. Males depart the breeding grounds first — differential (f) (SPRAT 
2018). In Australia, this species shows nomadic (M) movements, apparently in response to rainfall 
and temperature, with occurrence inland associated with exposed mudflats during droughts and in 
coastal areas with extreme heatwaves (del Hoyo et al. 1992–2013; Roberts 1975; SPRAT 2018). 
Buffy-fronted seedeater Sporophila frontalis (Mh) 
- Nomadic altitudinal (Mh) 
This bamboo-seed-specialist is endemic to the Atlantic forest of Brazil and to a small region where 
the borders of Brazil, Paraguay and Argentina meet, an area of approximately 496,000 km2 
(BirdLife International 2019). They are nomadic (M) birds that depend on bamboo, preferably 
Guadua trinii and G. chacoensis, to feed and nest (del Hoyo et al. 1992–2013; Areta et al. 2009 
2013). They stay in a patch while the seed supply is reliable and leave to find another patch when 
food is insufficient, covering altitudes from sea level up to 1500 m (h) when searching for suitable 
patches (Areta et al. 2013). 
Austral rail Rallus antarcticus (U) 
- Undefined migration (U) 
Austral rails occur in patches across the southernmost parts of Chile and Argentina in wetlands, 
such as lakes, flooded meadows and coastal areas (del Hoyo et al. 1992–2013). Their general 
ecology, including movement patterns, is little known, but their seasonal appearance in certain 
locations has been documented. For example, in Torres del Paine in Chile they have been 
repeatedly observed during the austral winter (July and August), while in Estancia La Carreta in 
Argentina they can be heard every austral spring and summer (Barnett et al. 2014). Northward 
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‘post-breeding dispersal’ (i.e. either to-and-fro or irruptive migration) or partial migration is 
suspected to occur (del Hoyo et al. 1992–2013; IUCN Red List 2018). Barnett et al. (2014) suggest 
that the harsh climate in the southernmost part of the species’ range probably triggers seasonal 
movements towards the north. Despite the abundance of anecdotal evidence that at least some 
populations of Austral rails migrate, currently it is not possible to categorise their movement type(s) 
(BirdLife International 2019; Barnett et al. 2014) — undefined migration (U). 
Orinoco goose Neochen jubata (U-PR) 
- Undefined migratory movement (U) 
- Possibly resident in some areas (PR) 
Orinoco geese are migrants, but the type of migration is unknown (U). They are seasonally 
observed at several locations, for example in Rio Juruá in the Brazilian Amazon during the dry 
season from June to October (Endo et al. 2014). Mostly small-scale movements have been 
reported, but there is also evidence for longer movements, as birds captured in Manu National 
Park, Peru, have migrated ~655 km to Llanos de Moxos in Bolivia (Davenport et al. 2012). In 
contrast, this species is believed to be resident (PR) at some locations, for example in Llanos de 
Moxos in Bolivia (Davenport et al. 2012). 
Omani owl Strix butleri (Y) 
- Insufficient data (Y) 
This species is known from a few records from very restricted locations in Oman, the United Arab 
Emirates, Iran and Pakistan and little is known about any aspect of their ecology and biology (del 
Hoyo et al. 1992–2013; Musavi et al. 2016). Their overall range is believed to be 2300 km2, and 
there is no information about their movement behaviour (Y) (BirdLife International 2019; IUCN Red 
List 2018; Bildstein 2019). 
Mascarene petrel Pseudobulweria aterrima (Yh) 
- Insufficient data altitudinal (Yh) 
Mascarene petrels are among the least known Procellariiformes, they are marine and probably 
pelagic, and they are mostly seen within a very restricted range of 77,000 km2 (BirdLife 
International 2019; Shirihai et al. 2014; IUCN Red List 2018). They breed on inland cliffs and 
canyons within forests in mountains between altitudes of 500 m and 1700 m (h) on Reunion Island 
(Shirihai et al. 2014) and have been recorded up to 1320 km from the island (Tataya et al. 2010). 
The full extent of their habitat and whether they migrate or not is unknown (Y) (del Hoyo et al. 
1992–2013; Tataya et al. 2010). 
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Coquerel's coua Coua coquereli (R) 
- Resident (R) 
This non–parasitic cuckoo species is largely terrestrial and sedentary (R) with a small range 
(Chouteau & Pedrono 2009). Along with the other eight Coua species, it is endemic to 
Madagascar. Coquerel's couas inhabit both dry and humid forests of western Madagascar, an area 
of approximately 351,000 km2 from sea level to 800 m (BirdLife International 2019; Chouteau & 
Pedrono 2009). 
Siberian nuthatch Sitta arctica (Rh) 
- Resident altitudinal (Rh) 
This sedentary (R) species has a very large range (approximately 3,910,000 km2) occurring mostly 
in coniferous forests of Siberia at altitudes above 1500 m — altitudinal (h) (del Hoyo et al. 1992–
2013; BirdLife International 2018). Adult Siberian nuthatches live their whole life in pairs, each pair 
in permanent territories of around 30 hectares (Pravosudov 1993). They store nuts intensively in 
autumn, which enables them to remain year-round in the same area (Pravosudov 1993). 
Regional assessment of Australian cuckoos 
We used Australian cuckoos to illustrate the application of the typology at the regional scale (Table 
4). We included all 33 cuckoo species and subspecies listed in Garnett et al. (2015), and here each 
subspecies’ movement classes are contained in its respective species’ classes. When the subset 
of the species occurring in Australia belonged to one subspecies, the classes of this species and 
subspecies are the same for the regional assessment — for example for the Fan-tailed cuckoo 
Cacomantis flabelliformis and the Australian Fan-tailed cuckoo Cacomantis flabelliformis 
flabelliformis (Table 4). To limit the length of this publication, we do not provide a comprehensive 
literature review and definite assessment of cuckoo movements. We interpreted, summarised and 
reported details on the movements that were available in del Hoyo et al. (1992–2013), Erritzoe et 
al. (2012), Pizzey and Knight (2012), Garnett et al. (2015) and BirdLife International (2018). For 
each taxon, if in the BirdLife International (2018) distribution maps there was a gradient of 500 m or 
more of altitude in the taxon range, or if the taxon resided permanently in elevations above 500 m, 
we appended the class ‘altitudinal’ to the taxon, though this decision also depended on 
interpretation of information in the other sources. 
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Table 4: Regional assessment of 33 Australian Cuculidae taxa from Garnett et al. (2015). 
Movement information was collated and interpreted from del Hoyo et al. (1992–2013), 
Erritzoe et al. (2012), Pizzey & Knight (2012), Garnett et al. (2015) and BirdLife International 
(2018). Taxa are listed alphabetically based on their scientific names. Abbreviations: AU – 
Australia(n); Qld – Queensland; NSW – New South Wales; WA – Western Australia; Vic – 
Victoria; NT – Northern Territory; PNG – Papua New Guinea; NZ – New Zealand; Ssp – 
subspecies, Alt – altitudinal range. 
TAXON CODE DESCRIPTION 
Chestnut-breasted 
Cuckoo 
Cacomantis 
castaneiventris  
PIbxbd-Tb-R 
Possibly Irruptive breeding and non-breeding dispersive ranges in AU: Observations 
in extreme south probably indicate non-breeding individuals (del Hoyo et al. 1992–2013) 
and Garnett et al. (2015) report ‘national dispersal’. 
To-and-fro breeding range in AU: See ssp castaneiventris. 
Resident: Present year-round throughout range in northern AU (del Hoyo et al. 1992–
2013; Erritzoe et al. 2012; Pizzey & Knight 2012; BirdLife International 2018). 
AU Chestnut-breasted 
Cuckoo 
Ssp castaneiventris 
Tb To-and-fro breeding range in AU: Breeds in AU and migrates to PNG for the non-breeding season (Garnett et al. 2015; Pizzey & Knight 2012; Erritzoe et al. 2012). 
Fan-tailed Cuckoo 
Cacomantis 
flabelliformis  
Tdhbxb- Tb-
TdfM- Rh 
See AU Fan-tailed Cuckoo ssp flabelliformis, which is the portion of this species that 
occurs in AU. 
AU Fan-tailed Cuckoo 
Ssp flabelliformis 
Tdhbxb- Tb-
TdfM- Rh 
To-and-fro dispersive altitudinal breeding and non-breeding within AU: To-and-fro 
migrations from south to north and west (del Hoyo et al. 1992–2013, Pizzey & Knight 
2012). To-and-fro breeding in Tasmania and moving to AU mainland in non-breeding 
season (del Hoyo et al. 1992–2013). 
To-and-fro breeding in AU: Part of the population cyclically and predictably crosses 
AU's national jurisdictional boundaries after breeding in AU (BirdLife International 2018; 
Garnett et al. 2015; Erritzoe et al. 2012). 
To-and-fro dispersive differential Nomadic: To-and-fro dispersive movements in 
mainland northwards and inland AU performing nomadic movements inland, prevailing 
immature individuals in the northern portions of Qld (del Hoyo et al. 1992–2013). Large 
numbers appear suddenly where they have not been seen for years (Erritzoe et al. 2012). 
Resident altitudinal: Resident individuals throughout its whole range, and occurs in 
mountain ranges (del Hoyo et al. 1992–2013; Erritzoe et al. 2012; Garnett et al. 2015).  
BirdLife International (2018) classifies the taxon as ‘full migrant’, alt: 1500-3000m. 
Brush Cuckoo 
Cacomantis variolosus  
Tb-Thbxb-
PI-Rh 
To-and-fro breeding in AU: See ssp variolosus. 
To-and-fro altitudinal breeding and non-breeding in AU: To-and-fro migration between 
south-east and tropical AU (del Hoyo et al. 1992–2013; Erritzoe et al. 2012; Pizzey & 
Knight 2012). Garnett et al. (2015): partial migration within AU. 
Possibly Irruptive: See ssp dumetorum. 
Resident altitudinal: Resident individuals throughout whole range (del Hoyo et al. 1992–
2013). Garnett et al. (2015): partial migration within AU. BirdLife International (2018): alt 
0-2500 m, not a migrant. 
Northern Brush 
Cuckoo 
Ssp dumetorum 
PI Possibly irruptive: Garnett et al. (2015): dispersive movements within AU. 
Southern Brush 
Cuckoo 
Ssp variolosus 
Tb-R 
To-and-fro breeding in AU: To-and-fro migrants breeding in tropical regions of AU spend 
the non-breeding season in Lesser Sundas, PNG and Malaysia regions (del Hoyo et al. 
1992–2013; Erritzoe et al. 2012; Pizzey & Knight 2012; Garnett et al. 2015). 
Resident (Erritzoe et al. 2012). 
Lesser Coucal 
Centropus bengalensis  
v Vagrant: See ssp sarasinorum. 
Lesser Coucal 
Ssp sarasinorum 
v Vagrant: Has been recorded in AU (del Hoyo et al. 1992–2013; Erritzoe et al. 2012; Garnett et al. 2015). 
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Pheasant Coucal 
Centropus phasianinus  
PIbxb-Rxh 
Possibly Irruptive breeding and non-breeding in AU: See ssp thierfelderi. 
Resident non-altitudinal: See ssp melanurus and phasianinus. BirdLife International 
(2018): resident. 
Papuan Pheasant 
Coucal 
Ssp thierfelderi 
PIbxb Possibly Irruptive breeding and non-breeding in AU: Garnett et al. (2015) report local dispersal. 
Northern Pheasant 
Coucal 
Ssp melanurus 
Rxh 
Resident non-altitudinal: Present year-round in lowlands throughout range (del Hoyo et 
al. 1992–2013; Erritzoe et al. 2012; Pizzey & Knight 2012). BirdLife International (2018): 
resident. Garnett et al. (2015): no movements reported. 
Eastern Pheasant 
Coucal 
Ssp phasianinus 
Rxh 
Resident non-altitudinal: Present year-round in lowlands throughout range (del Hoyo et 
al. 1992–2013; Erritzoe et al. 2012; Pizzey & Knight 2012). BirdLife International (2018): 
resident. Garnett et al. (2015): no movements reported. 
Horsfield's Bronze-
Cuckoo 
Chalcites basalis  
Tb-PIbxb-R 
To-and-fro breeding in AU: Breed throughout AU then migrate north to Indonesia and 
PNG region (del Hoyo et al. 1992–2013; Erritzoe et al. 2012; Pizzey & Knight 2012; 
Garnett et al. 2015). BirdLife International (2018): full migrant. 
Possibly Irruptive breeding and non-breeding in AU: Garnett et al. 2015 report local 
dispersal. Erritzoe et al. (2012) report irregular migration to north AU from southern parts 
of AU and Tasmania related to rainfall and accessibility. 
Resident: Present year-round in north AU and on east of Great Dividing Range (Pizzey & 
Knight 2012; Erritzoe et al. 2012). Partial migrant in Garnett et al. (2015) and del Hoyo et 
al. (1992–2013). 
Shining Bronze-
Cuckoo 
Chalcites lucidus  
Txdhbxb-Tb-
Rh-gps 
To-and-fro low-dispersive altitudinal breeding and non-breeding in AU: To-and-fro 
migrants on north-south axis in Qld (del Hoyo et al. 1992–2013). BirdLife International 
(2018): full migrant. 
To-and-fro breeding in AU: See ssp lucidus and plagosus. 
Resident altitudinal: Some southwestern, central and northeastern populations are 
resident. Garnett et al. (2015) and del Hoyo et al. (1992–2013): partial migrant. Alt: 0-
1920m (BirdLife International 2018). 
Passage and possibly stopover: See ssp lucidus. 
NZ Shining Bronze-
Cuckoo 
Ssp lucidus 
Tb-gps 
To-and-fro breeding in AU: Long-distance to-and-fro migrant, breeds in AU and NZ and 
crosses seas to equatorial non-breeding grounds, mainly in PNG and the Solomon Is. (del 
Hoyo et al. 1992–2013; Erritzoe et al. 2012). 
Passage and possibly stopover: Passage range and possibly stopover to to-and-fro 
migration between NZ and equatorial regions (del Hoyo et al. 1992–2013; Erritzoe et al. 
2012). 
AU Shining Bronze-
Cuckoo 
Ssp plagosus 
Tb To-and-fro breeding in AU: To-and-fro breeding in AU and spending the non-breeding season in equatorial regions (Garnett et al. 2015; Erritzoe et al. 2012). 
Little Bronze-Cuckoo 
Chalcites minutillus  
Tbxb-Tb-Rh 
To-and-fro breeding and non-breeding in AU: See ssp barnardi and russatus.  
To-and-fro breeding in AU: See ssp minutillus and russatus. BirdLife International 
(2018): full migrant. 
Resident altitudinal: Del Hoyo et al. (1992–2013): partial migrant. BirdLife International 
(2018): alt 0-1400 m. 
Eastern Little Bronze-
Cuckoo 
Ssp barnardi 
Tbxb-R 
To-and-fro breeding and non-breeding in AU: Some spend austral summer in northern 
NSW and Southern Qld and migrate to northern regions for the austral winter (del Hoyo et 
al. 1992–2013; Erritzoe et al. 2012; Pizzey & Knight 2012; Garnett et al. 2015). 
Resident: Del Hoyo et al. (1992–2013): partial migrant. 
Western Little Bronze-
Cuckoo 
Ssp minutillus 
Tb-R 
To-and-fro breeding in AU: To-and-fro moving between NT and PNG and Lesser 
Sundas (del Hoyo et al. 1992–2013; Erritzoe et al. 2012). 
Resident: Resident throughout year in NT (del Hoyo et al. 1992–2013; Erritzoe et al. 
2012; Garnett et al. 2015). 
Gould's Bronze-
Cuckoo 
Ssp russatus 
PTbxb-PTb-
R 
Possibly to-and-fro breeding and non-breeding in AU: Longer-winged, southernmost 
populations may move north during austral winter to the Cape York Peninsula (del Hoyo 
et al. 1992–2013). 
Possibly to-and-fro breeding in AU: Longer-winged, southernmost populations may 
move north during austral winter to PNG (del Hoyo et al. 1992–2013). 
Resident: Most are resident (del Hoyo et al. 1992–2013; Pizzey & Knight 2012; Garnett 
et al. 2015). 
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Black-eared Cuckoo 
Chalcites osculans  
Tbxb-Tb-TM-
M-R 
To-and-fro breeding and non-breeding in AU: To-and-fro migration on north-south axis 
within AU (del Hoyo et al. 1992–2013; Pizzey & Knight 2012).  
To-and-fro breeding in AU: To-and-fro breeding in AU and non-breeding in Lesser 
Sundas, Indonesia and PNG regions (Garnett et al. 2015; Pizzey & Knight 2012; Erritzoe 
et al. 2012). BirdLife International (2018): full migrant. 
To-and-fro Nomadic: Some individuals from southern AU move northwards in the non-
breeding season and switch to nomadism — del Hoyo et al. (1992–2013) report they 
wander in northern AU. Erritzoe et al. (2012): partially nomadic. 
Nomadic: Irregular movements depending on erratic spatial and temporal distribution of 
resources (del Hoyo et al. 1992–2013; Garnett et al. 2015). 
Resident: Garnett et al. (2015): partial migrant. 
Oriental Cuckoo 
Cuculus saturatus  
Txb See Eastern Oriental Cuckoo Ssp optatus. 
Eastern Oriental 
Cuckoo 
Ssp optatus 
Txb 
To-and-fro non-breeding in AU: Widespread in Asia during breeding season and 
present in northern and eastern AU during the non-breeding season (del Hoyo et al. 
1992–2013; Erritzoe et al. 2012; Pizzey & Knight 2012; Garnett et al. 2015). BirdLife 
International (2018): full migrant. 
Eastern Koel 
Eudynamys orientalis  
Tb See South-east Eastern Koel Ssp cyanocephalus and Torresian Eastern Koel Ssp subcyanocephala. 
South-east Eastern 
Koel 
Ssp cyanocephalus 
Tb 
To-and-fro breeding in AU: Breeds in AU from August to November, non-breeding 
grounds in PNG and Indonesia (del Hoyo et al. 1992–2013; Erritzoe et al. 2012; Pizzey & 
Knight 2012; Garnett et al. 2015). BirdLife International (2018): full migrant. 
Torresian Eastern 
Koel 
Ssp subcyanocephala 
Tb 
To-and-fro breeding in AU: Breeds in AU from August to November, non-breeding 
grounds in PNG and Indonesia (del Hoyo et al. 1992–2013; Erritzoe et al. 2012; Pizzey & 
Knight 2012; Garnett et al. 2015). BirdLife International (2018): full migrant. 
Asian Koel 
Eudynamys 
scolopaceus  
Tb 
To-and-fro breeding in AU: Cyclically and predictably present in AU to breed (Garnett et 
al. 2015). Pizzey & Knight (2012): ‘[taxon] may visit AU’. BirdLife International (2018): full 
migrant. 
Pallid Cuckoo 
Heteroscenes pallidus  
Tb-TM-R 
To-and-fro breeding in AU: To-and-fro migrants breeding in AU and migrating north to 
Timor and PNG for the non-breeding season (del Hoyo et al. 1992–2013; Erritzoe et al. 
2012; Pizzey & Knight 2012; Garnett et al. 2015). BirdLife International (2018): full 
migrant. 
To-and-fro Nomadic: To-and-fro within AU that periodically move nomadically in dry 
lands in the wet season (del Hoyo et al. 1992–2013). 
Resident: Resident in parts of AU (del Hoyo et al. 1992–2013; Erritzoe et al. 2012). 
Large Hawk-Cuckoo 
Hierococcyx 
sparverioides  
v Vagrant (Garnett et al. 2015; Erritzoe et al. 2012). 
Channel-billed 
Cuckoo 
Scythrops 
novaehollandiae  
Tb-Ib See AU Channel-billed Cuckoo Ssp novaehollandiae. 
AU Channel-billed 
Cuckoo 
Ssp novaehollandiae 
Tb-Ib 
To-and-fro breeding in AU: Breeding season in the north of WA and NT, north and west 
of Qld and north of NSW; non-breeding season in PNG and Indonesia (del Hoyo et al. 
1992–2013; Erritzoe et al. 2012; Pizzey & Knight 2012; Garnett et al. 2015). BirdLife 
International (2018): full migrant. 
Irruptive breeding in AU: Some migrants breeding in AU reach south NSW, Vic and NT 
only in some years (Pizzey & Knight 2012), very early departure from Qld when figs 
fruited sparsely (Erritzoe et al. 2012). 
Long-tailed Cuckoo 
Urodynamys taitensis  
pvpgps 
Possibly vagrant: (Garnett et al. 2015); possible records in Qld and NT (Pizzey & Knight 
2012; Erritzoe et al. 2012). 
Possibly passage and or stopover: Probably migrates through the outer islands of the 
Great Barrier Reef on migrations between NZ and Melanesia, Micronesia and Polynesia 
(Pizzey & Knight 2012; Erritzoe et al. 2012). 
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2.6 Discussion 
Accounting for small-magnitude and irregular migrations 
A vast body of literature describes avian migrations of large magnitude, especially the long-
distance migration systems of the Nearctic–Neotropical, Palearctic–African and Palearctic–Asian 
regions; however, much less is published on small-magnitude and irregular migrations (i.e. irruptive 
and nomadic) (Dingle 2008; Eyres et al. 2017). This gap is especially true for endemic tropical 
species, but it also applies to smaller scale and sometimes irregular movements that many long-
distance to-and-fro and irruptive migrants perform within one or more of their seasonal ranges 
(Heckscher et al. 2015). For example, little is known of the ecology and movements of Veery 
Catharus fuscescens during the eight months of its annual cycle when it is outside North America 
(Heckscher et al. 2011). Furthermore, the most influential global lists of migrants focus on narrow 
aspects of migration and do not yet reflect the wide range of different movement types present 
within most taxa. For instance, the Convention on the Conservation of Migratory Species of Wild 
Animals (CMS 2019) lists only migrants that cross national boundaries, which excludes many 
migrants, especially those exhibiting short-distance movements. The list produced by BirdLife 
International (BirdLife International 2019) has only four exclusive classes (nomadic, fully migratory, 
altitudinal migrant and non-migratory) and does not account for the prevalence of intraspecific co-
occurrence of different movement types, which is very common within bird taxa. Often, even when 
there is a reasonable amount of evidence in the literature to support the prevalence of migratory 
movements, especially short-distance and irregular ones, lists of migrants do not yet reflect this 
complexity (Dean 2004). 
To our knowledge, the most detailed and comprehensive account on global birds’ movements is 
Eyres et al. (2017). These authors identified to-and-fro (dispersive and non-dispersive) and 
nomadic migrants; to a lesser extent irruptive migrants and species that perform local movements 
too. Furthermore, Eyres et al. (2017) list multiple movement types for a species. However, (1) 
detailed information is lacking in the final list of migrants (which resembles a classic list with four 
classes of movement), (2) the authors adopt the conservative view of irruptive migration which 
relates mostly to long-distance movements in response to prey and population fluctuation or 
masting and (3) their literature review on migration is limited to the Handbook of the Birds of the 
World (del Hoyo et al. 1992–2013). 
The lack of information on small-magnitude and irregular migrations is linked (as cause or 
consequence) to inconsistency in terminology in science and conservation. For instance, the term 
‘short-distance migration’ is often used to reflect to-and-fro migrations that are actually long-
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distance compared to migrations of smaller magnitude which are not included (e.g. Paradis et al. 
1998; Sanderson et al. 2006; Frenzel et al. 2016). Yet other sources use the term ‘short-distance 
migrations’ to reflect altitudinal movements only (e.g. Hsiung et al. 2018). Many conservation 
biologists have called attention to the importance of protecting the different habitats and migration 
routes of nomadic and short-distance migrants in comparison to long-distance migrants (Runge et 
al. 2017; Hsiung et al. 2018; Cottee-Jones et al. 2016), especially for intratropical migrants of Asia, 
Africa and Latin America (Dingle 2008). For instance, a number of species in the Amazon usually 
regarded as sedentary actually perform short intratropical migrations following certain routes yearly 
to maintain access to shallow water during flooding (Junk 1997; Costa et al. 2018). It is unknown 
how the growing number of anthropic activities in the Amazon region, such as dam and road 
construction and deforestation, will affect these migrations and the birds’ ability to persist (Vale et 
al. 2008; Bird et al. 2012). 
There are fundamental intrinsic and extrinsic differences between migrations of different 
magnitudes and sometimes these need to be considered separately; for example, the conservation 
of long-distance migrants requires international collaboration between countries where they occur 
(Klaassen et al. 2012; Runge et al. 2017). Nevertheless, here we propose a paradigm shift where a 
range of movements for which regularity is between to-and-fro and nomadic are called migrations, 
regardless of their magnitude, location or trigger. This is the case especially for irruptions of small 
magnitude that occur in the tropics, which are for example triggered by fire regimes or bamboo die-
offs. These are largely disregarded in the literature, lists of migrants and science compared to long-
distance irruptions of boreal species. Aiming to take a step towards this paradigm shift, we present 
a comprehensive and inclusive typology for avian movements. We also emphasise the importance 
of considering all bird movements that require conservation across multiple regions and times 
regardless of their magnitude. Magnitude of movements is scale-dependent and distances depend 
on territory sizes and movement capacity. Regardless of the amount of time they spend in each of 
their seasonal ranges, or the magnitude of the movements and the underlying motivation (e.g. 
breed, escape, moult, etc.), migrants’ survival is dependent on multiple sites being suitable for their 
needs at specific times (Runge et al. 2014; Wilcove & Wikelski 2008). 
Diversity of migration and thresholds: quantitative and qualitative 
Migratory movements in birds are so diverse that no species’ movement is the same as another 
one, and as many classes could be assigned to distinguish these movements as desired, fully up 
to the number of taxa considered. Our typology can capture much variation in these movements 
because the characters for each movement can form many different combinatorial codes. As many 
of the traits associated with migrations are virtually continuous, ideally the assignment of 
 50 
movement classes would have support from quantitative methods (e.g. Nathan et al. 2008). For 
instance, in our typology ‘dispersiveness’ could be measured as ratios of the areas of the species’ 
seasonal ranges (Gilroy et al. 2016), while to-and-fro/irruptive/nomadic could be measured as 
functions incorporating timing and destination of migrations. However, data for most taxa are 
missing to conduct such analyses. Given this, especially for species close to borderlines between 
the classes to-and-fro, irruptive and nomadic and between directional and dispersive, the 
application of our typology will rely on subjective judgements (such as personal observations) and 
use of qualitative terms (such as ‘substantially larger’ or ‘roughly similar’). Consequently, for some 
taxa different assessors could disagree on assigning classes. Thus we suggest that any thresholds 
that are applied, qualitative or quantitative, are clearly explained. Very importantly, even if a 
quantitative approach is not possible, we encourage that our typology is applied on subjective 
grounds, because given the current neglect of certain migration types in the literature and lists, the 
results would still constitute a big step towards an inclusive and comprehensive avian typology and 
data. 
Terminology used in this typology and in other sources 
The terminology for types of avian movements varies remarkably among literature, and so far no 
single source has published terminology that is widely used. Additionally, even the broad term 
‘migration’ itself is defined in various ways among different sources. Prevalently ‘migration’ is used 
to mean long-distance to-and-fro latitudinal movements (e.g. Chesser 1994; Rappole 1995; Cote et 
al. 2017; Mettke-Hofmann 2017), which explains the general practice in the literature of neglecting 
movements of small magnitude. Here we apply the term migration in the broadest sense possible, 
regardless if return movements take place or not and regardless of magnitude. We are especially 
concerned about including all movements where taxa demand a multi- spatial and temporal 
approach to understand their ecology and plan for their conservation. Consequently, we refer not 
only to to-and-fro movements as migrations but also to irruptions and nomadism as migrations — 
that is, irruptive migrations as defined by Baker (1978), Newton (2006) and Cottee-Jones et al. 
(2016), and nomadic migrations as defined by Baker (1978), Dean (2004) and Dingle and Drake 
(2007). 
Another term that warrants explanation is ‘disperse’ and its derivatives (dispersal, dispersive, etc.), 
which have been extensively used in the literature, but with no standardised meaning. As 
examples, they have been used to define (1) exclusively post-fledging and post-breeding 
movements — ‘post-natal’ and ‘post-breeding dispersal’ respectfully, (2) sometimes spreading 
movements too, (3) or as a synonym for irruptions, (4) and rarely as a type of migratory movement 
per se. Similar to Baker (1978) and Berthold (2001), we suggest that ‘dispersive’ is only used as a 
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spatial qualifier for to-and-fro, irruptive and nomadic migrations to report a change in density of 
individuals due to movement. In regards to ‘post-breeding’ and ‘post-natal’ movements, we 
consider them non-migratory unless they entail seasonal (within or across years) return 
movements — like the migrations of juvenile African Oystercatchers Haematopus moquini (Hockey 
et al. 2003; Rao et al. 2014). Additionally to being one-way movements, ‘post-breeding’ and ‘post-
natal’ non-migratory movements display no directional preferences (Newton 2007). 
An additional problem in avian migration terminology is that some expressions extensively used in 
the literature bias views of bird migration towards large-scale movements viewed from a Northern 
Hemisphere perspective (e.g. Rappole 1995). Some of these expressions include seasons, such 
as ‘autumn’ or ‘spring migration’ and ‘summer or winter grounds’, and they often reflect the 
Northern Hemisphere perspective of referring to seasons and ignoring Southern Hemisphere 
drivers of migrations, such as the wet and dry seasons. We suggest the use of more neutral and 
objective language, like ‘outward and return migration’ for movements away from and back to 
breeding grounds respectively (Berthold 2001). Additionally, we recommend that when it is 
necessary to mention seasons they should be framed into a global perspective by including 
qualifiers, such as ‘austral’ and ‘boreal’ summer or winter, for example. 
We did not include the term ‘partial migration’ directly in this typology, even though it is widely used 
in the migration ecology literature and in lists of migrants, meaning sedentariness and migration 
co-occurring within one taxon, a very common characteristic among birds (Chapman et al. 2011; 
Lundberg 1988). Neither do we consider it as a class of its own because the term ‘partial migrant’ 
alone offers no insight into the type(s) of movement(s) that co-occurs with sedentarism in each 
given situation. Nor is it helpful in defining the types of movements when multiple or mixed 
migration occur, which is also common in birds. Thus we encourage that extra information about 
the taxon’s types of movement is provided when the term partial migration is used in the literature. 
For the purpose of classifying species movements in the form of datasets (e.g. Table 3), we 
suggest to use the codes as described in this paper, and if partial migrants need to be found, they 
can be easily located as entries that present the character ‘R’ for resident together with any other 
of the codes for migratory movements described here. 
Justification of the classes included in this typology 
Some classes included in this typology provide important information for conservation. In moulting 
and breeding sites, for instance, the activities that the individuals perform are very energetically 
demanding and many become more vulnerable during these periods (Leu & Thompson 2002; Pyle 
et al. 2018). Additionally, species that perform dispersive migrations are less likely to decline than 
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are species that do not (Fuller 2016). Vagrant movements are important for species persistence 
through colonisation of new sites, especially in the face of rapid global changes where the ability to 
increase or shift their range away from unfavourable regions may save them from extinction (Gilroy 
& Lees 2003; Davis & Watson 2018). For birds that undertake differential migration, multiple 
locations might be of conservation concern at the same time because they host different key 
groups of a taxon, for example, males and females of a given species (Nebel 2007; Weimerskirch 
et al. 2006). By incorporating such key information in bird movement data we believe these 
important aspects of birds’ biology and ecology will be more visible and therefore more likely to be 
taken into account in conservation planning and actions. 
An even larger number of traits than we have included in our classes can be associated with bird 
migrations. Some of them are distance, duration, compass direction, altitude and periodicity of 
migration (which may be measured as the average of frequency distribution); degree of dispersal 
(measured as direction ratio as in Baker 1978); ratio of overlap of seasonal ranges, of return and of 
residents and migrants (or types of migrants); and area of total and seasonal distribution. 
Nevertheless, we limited our categorisation to include classes that (1) may be readily applied 
without data processing, and which could accommodate the vast qualitative information that is in 
the literature, (2) we considered important for science and conservation, or (3) which are reported 
extensively within the literature (e.g. circumglobal migrations). We believe that the typology we 
developed provides critical information that can be used in comparative studies and conservation. 
However, when possible, we do encourage more information to be added in species movement 
descriptive data or in lists of migrants (in the second case as extra trait rows). Indeed, we envisage 
the need for a scientific paper exploring quantitative methods to analyse and process existing data 
for the purpose of classifying bird migrations, especially to better explore the continuous gradation 
of these classes. 
Global and regional case studies 
For most bird species, at least one type of more or less regular migratory movement takes place in 
some part of their geographic distribution, and in fact just a minority are completely sedentary 
throughout their distribution (Berthold 2001; Barçante et al. 2017; Griffioen & Clarke 2002). We 
showed this abundance of movement types within species through case studies: 13 species for the 
global assessment and 33 Australian cuckoos for the regional assessment. For the global 
assessment, to demonstrate how to apply the typology to an array of types of birds we selected 
species (1) to cover the widest range of classes from our typology possible, (2) with different range 
sizes from quite restricted, for example the Coquerel’s coua, to very large, the Common kestrel, 
and (3) from various regions of the globe. For the regional assessment, however, we chose 
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Australian cuckoos to show the complexity of movement types that may be present within one 
family and region, and we show that few taxa belong to a single class, and few are exclusively 
resident. A comprehensive assessment of the species’ movements was out of the scope of this 
paper, and in most cases we only collected enough information to provide an overview of the 
movements present in each case and exemplify the application of the typology. We show that 
many of those usually listed as ‘migrants’ in lists and comparative analysis, actually perform a 
range of different movements, and most are also partial migrants — for example Common kestrels, 
Wandering albatrosses, Fan-tailed cuckoos and Shining bronze-cuckoos. Throughout the 
examples we also present many birds usually classified as sedentary, the migration of which — 
even if of small magnitude or irregular — can be described and recorded in datasets, for example 
Buffy-fronted seedeaters. We also explain how to consider information when the type of migration 
cannot be confirmed, for example for Red-billed parrots, and when migration is obviously present 
often because periodically the taxon either is or is not detected in certain locations, but the type of 
migration is unknown, for example for Orinoco geese. Finally, we introduce means to add more 
information to data, which are the secondary classes, some of which we apply in a novel way, for 
example ‘differential resident’ populations of Wandering albatross, ‘altitudinal nomadic’ Buffy-
fronted seedeaters, and ‘altitudinal insufficient data’ for Mascarene petrels. 
Highlighting the need and the flexibility to continuously update data on migration 
This typology can be applied to bird taxa using the best knowledge at the time, both by expert 
opinion and by published literature on bird movements. Nevertheless, any classification using this 
typology should not be considered definitive and should be updated constantly as more is 
discovered about species’ movements. For instance, there are many examples of migratory 
movements detected in species long considered resident, including the Little wood-rail Aramides 
mangle (Marcondes et al. 2014), the Rufous-thighed kite Harpagus diodon (Lees & Martin 2015) 
and the Ash-throated casiornis Casiornis fuscus (Lees 2016). Additionally, species movements 
patterns may change over time. For example, residents may develop migratory behaviour, such as 
House finches Carpodacus mexicanus (Able & Belthoff 1998), or a species may stop migrating, 
such as Eurasian blackcaps Sylvia atricapilla (Pulido & Berthold 2010). Current climate change has 
become another trigger of change in certain aspects of bird migrations, such as departure date, 
progression and stopover frequency and duration (Gordo 2007; Klaassen et al. 2012), with major 
change in the movement behaviour of some species. For example, the Great crested grebe 
Podiceps cristatus having had an increased proportion of residents in the Netherlands (this and 
other examples are listed in Cox 2012). Movement classifications should be regularly updated to 
reflect all new discoveries and plasticity in migration. 
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2.7 Conclusions 
So far information on species movements has been available only in extensive non-standardised 
literature or as oversimplified lists of migratory status, with a disproportional amount of attention 
being given to long-distance regular to-and-fro migrations, in comparison to migrations of small 
magnitude, especially more irregular irruptive and nomadic migrations which happen in the tropics. 
Migratory movements are present within most bird species and the co-occurrence of more than 
one type of migration prevails within many taxa. Paradoxically for many species, even when their 
migrations are detected by observation or published in the literature, lists of migrants do not 
capture them, and instead they classify the majority of the global birds as sedentary. 
In this paper, we build a typology for systematic comprehensive assessment of bird migrations that 
includes migrations of small magnitude and irregular migrations, to be used to inform science, 
management, conservation and policy. We focus on all bird movements across multiple regions 
and times, regardless of the behavioural motivation (e.g. breeding, feeding, moulting, staging or 
escaping) and magnitude of the movements. To our knowledge, we provide the first attempt to 
describe and name co-occurrence of movements in a systematic manner. 
We wish to increase awareness of the need to describe and classify a larger array of bird 
migrations in literature in general, but especially in lists of migrants and for taxa performing 
migrations of small magnitude and irregular migrations. Although the long-distance migrations of 
many taxa and their conservation needs are well-known, there is less appreciation of the short-
distance and irregular migrations of many taxa as well as of their conservation needs. 
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CHAPTER 3 
3 A global dataset for avian migration 
3.1 Abstract 
Avian migration systems are diverse, yet detailed data that reflect their complexity for comparative 
studies and conservation decisions are lacking. While comprehensive global and national lists of 
migrants are currently available, they typically generalise movement types and lack a clear 
typology of movement types. Furthermore, these sources rarely include migrations that are 
irregular (e.g. irruptive or nomadic) or of small magnitude. Here we compile a dataset on the 
migratory patterns of 10,596 extant bird species. This dataset contains 56 variables, grouped into 
eight categories: taxonomy, migratory movements (two categories), mobility mode, location of 
occupancy, magnitude of movements, range and source. We plan to update the dataset 
periodically to include taxonomic updates, new data for existing variables as well as new variables, 
as they become available. This dataset can inform a diverse array of global or regional analyses, 
especially those that require standardised and detailed information for a large number of bird taxa. 
3.2 Background and summary 
Data on bird migration underpin many aspects of avian ecological science and conservation 
prioritisation (Runge et al. 2014; 2015a). For example, information about migration has been used 
to identify correlates of extinction risk (Lee & Jetz 2010) and correlates of invasion (Sol et al. 
2012). However, currently the only comprehensive and easily accessible data on bird species 
movements are lists of migrants (e.g. BirdLife International 2018; CMS 2019; EPBC Australia 
2018; USFWS 2018). In Chapter 2, we discussed the tendency for such lists to underestimate the 
breadth of avian movements, and to overlook migratory movements of small magnitude (Dingle 
2008; Hsiung et al. 2018), as well as those that are spatially and temporally irregular (i.e. irruptive 
and nomadic migrations) in comparison with regular to-and-fro migrations (Cottee-Jones et al. 
2016). In addition, many birds show different movement types in different parts of their geographic 
distributions, and a list that categorises each species into only one movement category cannot 
account for this (Chapter 2). 
To begin to address this gap in avian movement data, we compiled a comprehensive, detailed 
dataset on global bird migration types. We collated and interpreted information for 10,596 bird 
species from seven data sources: (1) Eyres et al. (2017); (2) BirdLife International's (2018; 2019) 
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list of migrants and (3) their distribution data; (4) list of global altitudinal migrants by Barçante et al. 
(2017); and three policy-relevant lists of migrants, from (5) the Convention on the Conservation of 
Migratory Species of Wild Animals – CMS (CMS 2019), (6) the East Asian – Australasian Flyway 
Partnership – EAAFP (EAAFP 2018) and (7) the United States Fish and Wildlife Service – USFWS 
(USFWS 2018). We based our analyses on the dataset by Eyres et al. (2017), as it is the most 
detailed and comprehensive list assembled thus far. These authors have compiled movement data 
for global birds to study the quantification of seasonal climatic niches of migrants. In their data they 
have distinguished the classes to-and-fro, nomadic, irruptive, and short-distance migrants, and 
they have accounted for multiple movement types within species. Nevertheless, Eyres et al.’s 
(2017) final list lacks detailed information and is similar to the existing lists with four classes of 
movement. In addition, these authors adopt the conservative view of irruptive migration, including 
only long-distance movements that occur as a response to population fluctuations of the species 
and their food source (Chapter 2). 
Our dataset is based on the definitions and typology described in Chapter 2, covering a range of 
migration types and accounting for co-occurrence of different movement classes within species. 
We define ‘migration’ as any movement that (1) occurs repeatedly at regular or irregular intervals 
within or across years, (2) can occur at any spatial scale, not just large spatial scales, and (3) at 
population, subspecies or species level, and that (4) covers distances greater than daily roaming 
movements, (5) with or without a return movement, and (6) with any underlying motivation (e.g. to 
moult, feed, escape or stage). The typology (Table 5) organises movement types into six primary 
classes. Four of them represent different types of migration: to-and-fro, irruptive, nomadic and 
undefined (i.e. when it is known that the taxon migrates, but the migration type is unknown). The 
two additional classes contain residents (i.e. no migratory movement occurs) and taxa with 
insufficient data (i.e. not enough information exists to conclude if a taxon is sedentary or 
migratory). Secondary classes refer to key spatial aspects of movements that can be used as 
further qualifiers of the primary classes: altitudinal and non-altitudinal, high-dispersive and low-
dispersive, directional, non-directional, loop, circumglobal and differential.   
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Table 5: Description of avian migratory movement types. Each taxon’s movement code 
contains at least one character of the primary classes (in capital letters). The primary 
classes may be accompanied by one or more secondary classes (in lower-case letters). 
Table adapted from Chapter 2. 
TYPOLOGY 
CLASSES SHORT DESCRIPTION: When a taxon moves… 
Primary Classes 
To-and-fro T 
… seasonally between regions with little intra-taxon variability in timing and 
destination. These are usually pre-emptive obligate migrants that may initiate 
migration even before local conditions deteriorate. 
Irruptive I 
… somewhat similarly to to-and-fro migrants, but with substantial variability in the 
regularity, timing, distance and/or direction of the movements and across seasons in 
the proportion of individuals that migrate. They are usually facultative migrants. 
Nomadic M 
… from one area to another in various directions, staying and potentially breeding 
wherever conditions are favourable. They are usually opportunistic breeders and 
present even more variability in timing and destination than irruptive species.  
Undefined U 
… seasonally (at regular or irregular intervals) between multiple regions but the 
existing information is insufficient to determine whether the movement is to-and-fro, 
irruptive or nomadic. 
Resident R … in a way not described by any of the movement categories (T, I, M, or U). 
Insufficient data Y (This class is used when available information is insufficient to determine whether the taxon migrates or not.) 
Secondary classes 
Altitudinal h … across an altitudinal gradient or lives permanently at high altitude, either performing migratory movements within this altitudinal range or being resident. 
Non-altitudinal xh (When taxa neither reside at high elevations nor perform migrations across elevational gradients.) 
High-dispersive d … between regions of different size so that the mean distance between individuals within the migratory taxa varies more than a pre-defined threshold. 
Low-dispersive xd (When taxa are not high-dispersive.) 
Directional e … using the same route for outward and return migrations. 
Non-directional xe (When migration is not directional.) 
Loop l … through different and non-overlapping routes on outward and inward migrations. It is a type of non-directional migration. 
Circumglobal c … around the world. It is a type of non-directional and loop migration. 
Differential f … with different timing or destination between certain groups of individuals (e.g. males and females, juveniles and adults). 
 
This dataset contains 56 variables, grouped into eight categories: Taxonomy, Primary movement 
classes, Complete movement classes (including primary and secondary classes), Mobility mode, 
Location of occupancy, Magnitude of movements, Range and Sources (Table 6). We aimed to 
capture the complexity of avian migration types by including in our dataset standardised and 
detailed information, which helps underpin comparative studies and conservation prioritisations 
(e.g. Sanderson et al. 2006; Lee & Jetz 2010). 
 58 
Table 6: Examples of variables included in each category of our dataset of avian migration. 
The number of classes within each category is shown in parenthesis in the first column. 
Category 
(number of classes) Examples of variables Data type 
Level of 
interpretation 
Taxonomy 
(6) 
Family 
Scientific name 
Common name 
Nominal None 
Primary movement 
classes 
(10) 
Primary movement class Nominal (movement class) 
High 
Diversity Discrete (number of classes) 
To-and-fro 
Irruptive 
Nomadic 
Binary (0,1) 
Complete movement 
classes 
(25) 
Primary and secondary 
movement classes Nominal (movement class) 
High 
To-and-fro (T) 
Irruptive (I) 
Irruptive Nomadic (IM) 
altitudinal (h) 
non-altitudinal (xh) 
Binary (0,1) 
Source Nominal 
Mobility mode 
(3) 
Walk 
Flight 
Swim 
Binary (0,1) Low 
Location of 
occupancy 
(4) 
Terrestrial 
Marine 
Aerial 
Freshwater 
Binary (0,1) Low 
Magnitude of 
movements 
(2) 
Local 
Large Binary (0,1) Low 
Range 
(5) 
Area (extent of occurrence) 
Minimum altitude 
Maximum altitude 
Continuous (value) 
None 
Number of Countries Discrete 
Source 
(1) Source of information Nominal (citation) None 
3.3 Methods 
Our methods included three steps (Figure 11) performed by V.F.G., the assessor, and a validation 
process performed by J.K.S. Our dataset is based on Eyres et al. (2017), using 10,596 species 
across 234 families, following the taxonomic treatment of IOC 3.1 (Gill & Donsker 2016), with the 
most recent update IOC 9.1 (Gill & Donsker 2019). Eyres et al.'s (2017) dataset was built based on 
the literature review from Handbook of the Birds of the World (HBW, del Hoyo et al. (1992–2013), 
including online updates until September 2016 (www.hbw.com). These authors’ dataset includes 
17 movement variables, 14 of them binary (used in the first step) and two nominal (one of which is 
used in the second step).  
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Figure 11: Flowchart of methods used to produce data on migration for 10,596 species of 
global birds. 
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Step 1 
Firstly, the assessor coded the binary variables described in Eyres et al. (2017) into the movement 
classes described in Chapter 2 (Figure 11, step 1; Table 7). Since these binary variables are not 
exclusive, some species belonged to more than one of our classes. All altitudinal migration 
described in Eyres et al. (2017) was interpreted in a conservative manner and initially classified as 
Undefined altitudinal migration (Uh). Eyres et al. (2017) define altitudinal migrants as a type of 
‘dispersive migrant… [with] regular post-breeding movements in any geographical direction from 
breeding sites, i.e. movements are clearly seasonal but have no consistent latitudinal or 
longitudinal directionality’. Even though this type of movement would be classified as To-and-fro 
dispersive altitudinal (Tdh) according to Chapter 2, a wider range of movement types were actually 
classified as altitudinal by Eyres et al. (2017). For example, Eyres et al. (2017) state that the 
Sickle-winged chat Emarginata sinuata performs ‘some degree of altitudinal migration in severe 
winters’, which the assessor interpreted as irruptive altitudinal migration, given the implied 
inconsistency in frequency. During the next steps, whenever possible, more accurate classes were 
assigned to these Undefined altitudinal migrants. 
Table 7: The 14 binary variables used in Eyres et al. (2017), and the corresponding class 
assigned in step 1 of our methods. 
Eyres et al. (2017) 
Chapter 2 
Class Code 
Directional migration 
   full 
   partial 
   local 
To-and-fro non-dispersive Txd 
Dispersive migration 
   full 
   partial 
   local 
To-and-fro dispersive Td 
Altitudinal migration Undefined altitudinal Uh 
Irruptive Irruptive I 
Nomadism 
   full 
   partial 
   local 
Nomadic M 
Residency 
   full 
   partial 
Resident R 
Unknown Insufficient data Y 
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Step 2 
In the second step, the assessor adjusted the output of step 1 based on interpretation of the 
comments field in Eyres et al. (2017), data from the BirdLife International (2018; 2019) list of 
migrants and their distribution data for global birds, the list of global altitudinal migrants from 
Barçante et al. (2017), and lists of migratory birds from CMS (2019), EAAFP (2018) and USFWS 
(2018) (Figure 11, step 2). Eyres et al.'s (2017) comments field is a nominal variable that contains 
comments on the movement information found on HBW Alive (www.hbw.com) for 7237 species. 
For example, the Pileated parrot Pionopsitta pileata had been classified as To-and-fro dispersive 
and Resident (Td-R) in the first step. However, the comment field in Eyres et al. (2017) mentions 
the prevalence of ‘some coastal-inland movement, [and] strikingly nomadic at one location’. 
Therefore in step 2 this parrot’s movements coding was adjusted by adding the class Nomadic: To-
and-fro dispersive, Nomadic and Resident (Td-M-R). Likewise, when a species was listed as a 
migrant in the other datasets, this information was added to the data, if the corresponding 
movement class had not yet reflected it. For example, the Andean condor Vultur gryphus had been 
coded as Probably Resident (PR) in step 1, but in step 2 its class was modified to Undefined 
Altitudinal and Probably Resident (Uh-PR) based on BirdLife International (2019), Barçante et al. 
(2017) and CMS (2019). We took an additive approach assuming information from all sources to 
be true, so that each different movement type reported across sources could be reflecting 
behaviours of different populations or circumstances. Given so, the assessor recoded each 
movement type in the context of Chapter 2’s typology. Exceptions applied in a few cases, when the 
information appeared to be erroneous, and in such cases only the most appropriate movement 
class was recorded. For example, White-headed pigeons Columba leucomela are classified as full 
migrants in BirdLife International (2018), nomadic in Eyres et al. (2017) and not mentioned in any 
of the other datasets. The assessor classified this species as Nomadic (M) because based on her 
personal knowledge, this species performs highly irregular movements along the eastern coast of 
Australia, and Eyres et al. (2017) report that the species is ‘nomadic in response to fruit 
availability’, while on the other hand there was no evidence that widespread strictly to-and-fro 
movements occur in this species. 
Interpretation of information from each source varied. In the global list of migrants by BirdLife 
International (2018), the classes full migrant, nomadic and non-migrant were interpreted as To-
and-fro (T), Nomadic (M) and Resident (R) respectively. Altitudinal migrants in BirdLife 
International (2018) and in Barçante et al. (2017) were interpreted as either To-and-fro (T), 
Irruptive (I), Nomadic (M) or Undefined (U) followed by the secondary class altitudinal (h), 
depending on the interpretation of the other data and the assessors’ personal knowledge. For 
example, Caucasian snowcocks Tetraogallus caucasicus were listed as altitudinal migrants by 
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BirdLife International (2019) and as probable altitudinal migrants by Barçante et al. (2017). The 
assessor assigned this species to the class Irruptive altitudinal (Ih), based on the comment that 
their seasonal migrations are dependent on weather conditions (Eyres et al. 2017), thus 
suggesting some level of temporal variability. CMS (2019), EAAFP (2018) and USFWS (2018) 
provide lists of migratory birds, where every taxon listed complies with each institution’s specific 
definition of ‘migratory’. CMS (2019) lists 381 species of birds that are long-distance migrants and 
cross international borders. EAAFP (2018) provides information for 369 species of birds classified 
as ‘migrants’, ‘residents’ or ‘both’. The USFWS (2018) lists 1026 migratory birds for the purpose of 
protecting them by the Migratory Bird Treaty Act. Most of the migrants from these lists were 
classified in our dataset as To-and-fro, but some were classified as Irruptive, such as the 
Spectacled eider Somateria fischeri, which winters at different sites at sea each year, depending 
on the extension of the ice cover (Eyres et al. 2017). Extraction of information from the species 
distribution maps from BirdLife International (2018) required processing of this data. In the maps, 
each species’ range is represented by one or more polygons, classified as ‘resident’, ‘breeding’, 
‘non-breeding’, ‘passage’, or ‘uncertain’. The assessor assigned each species to a class, (1) non-
migrant, if all of its polygons were labelled ‘resident’, (2) migrant, if it had at least one ‘breeding’, 
‘non-breeding’ or ‘passage’ polygon, but no ‘resident’ polygons, and (3) partial, if had at least one 
‘resident’ polygon and one or more ‘breeding’, ‘non-breeding’ or ‘passage’ polygons. Next, this list 
was used to edit our movement classes. If the corresponding movement class had not yet been 
assigned, the classes Resident (R) were added to any ‘resident’ or ‘partial’ species according to 
the list, and one of the classes: To-and-fro (T), Irruptive (I), Nomadic (M) or Undefined (U) were 
added to any ‘migrant’ or ‘partial’ species according to the list, all depending on interpretation of the 
information in the other sources. 
Step 3 
In the final step, 14 additional fields related to the species mobility mode, location of occupancy, 
magnitude of movements and range (Figure 11, step 3) were added to the dataset. Nine of these 
fields were binary: mobility mode (walk, fly or swim), location of occupancy — in any stage of its life 
cycle (terrestrial, marine, freshwater or aerial), magnitude of migratory movement (local or large). 
The information contained in the mobility mode and location of occupancy fields were based on the 
personal knowledge of the assessor, who knew that most of the characteristics varied among 
families. All the exceptions that the assessor was aware of were also recorded; for example, all 
members of the cormorant family (Phalacrocoracidae) can walk, fly and swim, except for the 
Flightless or Galapagos cormorant Phalacrocorax harrisi, which can only walk and swim. 
Information for the variable local (magnitude) was obtained from Eyres et al. (2017) based on the 
binary variables local directional migration, local dispersive migration, and local nomadism. When a 
 63 
species presented any of these local movements, the value 1 was assigned to the variable local 
magnitude. The variable large (magnitude) was populated with the value 1 for all species listed as 
migrants in BirdLife International's (2018; 2019) list of migrants and distribution data for global 
birds and in the lists of migratory birds from CMS (2019), EAAFP (2018) and USFWS (2018) 
because these lists mostly focus on movements of large magnitude. 
The range fields were obtained by data processing. Four of them were continuous and expressed 
in km2: area of occurrence, obtained from BirdLife International maps (http://datazone.birdlife.org), 
minimum and maximum altitude of occurrence, and altitudinal range. The assessor obtained the 
latter three by overlaying the maps from BirdLife International onto the Aster Global Digital 
Elevation Model version 1 (https://asterweb.jpl.nasa.gov/gdem.asp) and recording minimum and 
maximum altitude within each species’ distribution. Finally, the variable number of countries was 
obtained by merging the BirdLife International data with a map of global national boundaries 
(www.naturalearthdata.com) and recording the number of countries where each species occurs. 
More information on the interpretation of the data sources and assignment of classes is available in 
the metadata accompanying the dataset. 
3.4 Data records 
Data, metadata and references are available by request (veronica.gama@uq.edu.au). 
3.5 Technical validation 
The assessor checked extensively all the fields in the dataset for inappropriate entries and 
inconsistencies. J.K.S. strategically did not participate in the 3 steps of the classification, so she 
could, a posteriori, conduct a quality check for the movement fields, which required a high level of 
interpretation. The accuracy of the data was checked for 210 species, which were chosen through 
stratified sampling without replacement (i.e. each species was only sampled once) from 20 groups. 
These included a group from each of 19 orders, and a twentieth group containing all of the 21 
orders that possessed 50 species or fewer — there being a total of 257 species in the latter group 
(Table 8). An external geoprocessing specialist M.A. re-processed each of the fields in the range 
category. No discrepancy in any of the values of the range fields was recorded. 
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Table 8: Taxonomical orders, total number of species and number of species allocated to 
quality checking. * indicates a group of species from 21 orders which contained 50 or less 
species and which we sampled together: Apterygiformes (5 spp), Cariamiformes (2), 
Casuariiformes (4), Ciconiiformes (19), Coliiformes (6), Eurypygiformes (2), Gaviiformes (5), 
Leptosomiformes (1), Mesitornithiformes (3), Musophagiformes (23), Opisthocomiformes 
(1), Otidiformes (26), Phaethontiformes (3), Phoenicopteriformes (6), Podicipediformes (23), 
Pterocliformes (16), Rheiformes (2), Sphenisciformes (18), Struthioniformes (2), 
Tinamiformes (47), Trogoniformes (43). 
Order Species (n) Quality check Agreement 
Type 1 
error 
Type 2 
error 
Passeriformes 6299 70 55 1 14 
Apodiformes 461 13 9 0 4 
Piciformes 437 13 9 0 4 
Psittaciformes 388 12 10 0 2 
Charadriiformes 385 12 9 0 3 
Columbiformes 335 12 6 0 6 
Galliformes 299 7 2 0 5 
Accipitriformes 265 7 6 0 1 
Orders grouped (21)* 257 7 4 0 3 
Strigiformes 229 7 5 0 2 
Gruiformes 182 5 4 0 1 
Anseriformes 176 5 5 0 0 
Coraciiformes 158 5 4 0 1 
Cuculiformes 149 5 5 0 0 
Procellariiformes 139 5 4 0 1 
Caprimulgiformes 119 5 3 0 2 
Pelecaniformes 117 5 5 0 0 
Bucerotiformes 74 5 2 0 3 
Falconiformes 67 5 3 0 2 
Suliformes 60 5 3 0 2 
Total 10596 210 153 (73%) 1 (0.5%) 56 (27%) 
 
The miss-matches between the classes assigned and the results from the quality check were 
attributed to either type 1 or type 2 errors. Type 2 error, or error of omission, happens when a 
movement type that should have been included is left out. In our quality check, type 2 error was 
detected in 56 species (27% of the species checked). Such high level of omission was expected to 
occur in this first version of our data since our literature review was so restricted. As more sources, 
including both published literature and expert elicitation, are considered, more information will be 
added to the data. In contrast, type 1 error, or error of commission, should be low. The latter 
represents the possibility that a movement class that actually does not occur in a species has been 
added to the data. In our quality check, type 1 error was detected in only one species (0.47% of the 
total checked), which suggests a low type 1 error in the classification. 
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3.6 Usage notes 
Interpretation and assumptions during data production are discussed in the previous sections and 
in the metadata (available with the data by request). When using these data, it is important to 
consider the systemic uncertainty inherent to datasets, especially because our data contains many 
species and some fields require a high level of interpretation. In general, the uncertainties present 
are either epistemic — uncertainty in determinate facts — or linguistic — uncertainty in language 
(Garnett et al. 2015; Regan et al. 2002). We restricted the literature review to build this dataset to 
seven sources, and despite our limited literature review, our results still constitute a big step in 
assembling a unified global dataset on avian migration strategies. Our dataset includes information 
on irregular and small-scale movements, and on co-occurrence of different types of movements, 
which has so far been underestimated in other published datasets (Chapter 2). 
A large variety of information may be obtained from our dataset for a range of analytical 
requirements, for example by using sort and filter options available in various database software 
packages. For instance, if interested in extracting migrant species in general (to-and-fro, irruptive, 
nomadic and undefined) that cross international boundaries, this could be done by excluding 
species with the value 0 in the field number of countries. Likewise, if interested in partial migrants, 
they can be filtered for the value 1 in the residents and 1 in any of the migration fields (to-and-fro, 
irruptive, nomadic or undefined). 
Future updates of this dataset may include a more extensive literature review and improved data in 
the fields mobility mode, location of occupancy and magnitude of movements. These fields could 
better represent the relative behaviour of each species in the form of categorical or continuous 
values instead of binary. For example, in our dataset both Rifleman Acanthisitta chloris and 
California condors Gymnogyps californianus receive a value of 1 for flying, but the former is only 
capable of flying a few metres in a bout compared to the latter being able to fly hundreds of 
kilometres in a bout. Ideally, we should use a continuous scale where the Rifleman receives a low 
value in the fly field and the condor receives a high value. In this example specifically, the different 
spatial scales that each species is able to cover may be partially accounted for by the difference in 
geographic range size, but this might not be the case for other species or traits. For instance, both 
White-bellied sea-eagle Haliaeetus leucogaster and Wandering albatross Diomedea exulans 
receive a value of 1 in the field marine in the category location of occupancy. Nevertheless, if this 
variable were continuous, the sea-eagle would receive a lower value compared to the albatross.  
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CHAPTER 4 
4 Using massively crowd-sourced data to reappraise bird migration in the Western 
Hemisphere 
4.1 Abstract 
Understanding the distribution in space and time of migratory species is essential for their effective 
conservation because they depend on a series of suitable habitats at specific times in their 
seasonal ranges and along their migratory route. However, detecting migratory behaviour among 
bird taxa may be hampered by a lack of data and complex migratory syndromes, which may lead 
to assumptions of residency, especially for short-distance migrants in the tropics where data is 
scarcer. Additionally, avian literature in general largely disregards migrations of small magnitude 
and that are irregular (as opposed to long-distance latitudinal migrations), thus a number of 
migratory movements are overlooked in research, policy and by the general public. Here we 
assess the potential of presence data from citizen science to provide information on species' 
movements. We developed the seasonality index, which includes a systematic method to map and 
and measure spatial seasonal variation in presence data, and we applied it to the species of the 
Western Hemisphere using eBird data — the world’s largest biodiversity-focussed citizen science 
initiative. We then compared our results with a new comprehensive list of migrants to search for 
evidence that spatio-temporal seasonality in eBird could be reflecting species’ to-and-fro and 
irruptive migratory movements. The agreement between species listed as to-and-fro and irruptive 
migrants and presenting seasonality in eBird data was high, 91 of 92 species. Among the species 
not listed as to-and-fro and irruptive migrants, the presence of seasonally variable distributions 
varied greatly as expected: 1088 of 2368 species (46%) showed some evidence of seasonality and 
the rest did not. Among the latter, detections of seasonality reflect either seasonal variation in effort 
or cryptic migration. As many migratory species currently lack distribution maps representing their 
seasonal ranges in the literature, some of these species’ distribution maps that we produced here 
could potentially be the best representation of these species’ seasonal ranges to date. We believe 
that our seasonality index provides an important doorway towards detecting patterns of migration 
in currently available datasets and producing seasonal range maps. However, we highlight the 
need for improvement of the method with appropriate statistical techniques to account for bias in 
the data. 
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4.2 Introduction 
Understanding the migratory status of species is an important foundation for comparative studies 
and conservation decisions, such as establishing protected areas and assessing species extinction 
risk (Runge et al. 2014; Mazor et al. 2016). Migrants depend on a series of suitable habitats at 
specific times in their breeding and non-breeding ranges and along their migratory route (Runge et 
al. 2014) and so are disproportionally impacted as a function of all the threats occurring along their 
range (Jonzen et al. 2006; Iwamura et al. 2013). Additionally, migrants and non-migrants are 
assessed differently within the IUCN Red List; consequently, any misunderstanding of a species’ 
movements may lead to the wrong extinction risk category being applied (Runge et al. 2015a). 
Nonetheless, comprehensive data on avian species migrations are only available as global and 
national lists of migrants which are targeted at specific goals, usually policy-oriented (e.g. (BirdLife 
International 2018; CMS 2019; EPBC Australia 2018) and focus mostly on long-distance to-and-fro 
migrants which account for approximately 20% of global bird species (Boyle 2017; Boere & Rubec 
2009). However, information scattered in the literature reports that a much larger number of bird 
species potentially migrate, and probably just a minority are purely sedentary (Berthold 2001; 
Barçante et al. 2017; Griffioen & Clarke 2002). 
Many biological, methodological and socio-cultural factors complicate the task of detecting the 
occurrence of migration in bird species, including that (1) many regions are remote and rarely 
surveyed so there may not be enough data to understand temporal patterns of presence (Meyer et 
al. 2015), (2) some species are difficult to identify in the field (Johnston et al. 2018) and might be 
confused with other species which may be non-migratory, (3) when species present movement 
polymorphisms (for example, some populations are resident, others migratory, or show between-
year plasticity), individuals that forgo migration might be detected in the same general areas all 
year-round (Shaw & Levin 2011; Chapman et al. 2011), (4) timing and duration of migration are 
variable across and within species, especially in the tropics (Newton 2007), and (5) there is a 
general tendency in the literature to disregard movements of small magnitude as migrations as 
opposed to long-distance latitudinal migrations (Chapters 1 and 2). 
Here we developed a method to detect spatial seasonal variation in presence datasets that are 
indicative of patterns of to-and-fro avian migrations and to a lesser extent with some irruptive 
migrations (while more irregular irruptive and nomadic migrations are less likely to be detected). 
Firstly, we apply our method across all birds of the Western Hemisphere recorded in eBird 
(ebird.org) for which sufficient data exists and which occur exclusively within the longitudes of -25 
and -180 (n=2460). We used eBird data because it is the largest and most comprehensive 
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database for our target taxon (Aves) and region of study, and its records undergo structured data 
quality processes, including expert reviewing (Sullivan et al. 2014, 2017). Secondly, we compare 
our findings with the list of migrants in Chapter 3 (the most comprehensive and detailed source of 
information for global avian movements to date) to access the ability of our method to detect 
spatial seasonal variation in the distributions of migrants. 
4.3 Material and methods 
Focus species and dataset 
Initially, we obtained presence-only data for 3622 species downloaded from eBird (ebird.org) and 
this number was then narrowed down to 2460 species, which were the ones that had sufficient 
records for our analysis (i.e. at least 100 records within each time window), comprising a total of 
241,039,916 occurrence records across all species. For each species, we grouped their 
occurrence data from all years until 2016, and since we were interested in within-year patterns, we 
used in the analysis only the variable month — but not day or year. 
Obtaining seasonal maps 
We mapped the seasonal extent of occurrence (EOO) of species’ records and measured their 
spatial variation among 12 time-windows across the annual cycle. For example, if the records of a 
species were clustered in region one from January to April and region two from July to October, 
this could mean this species migrates annually between regions one and two. To this end, we 
pooled and mapped records of each species for 12 time-windows of four consecutive months each, 
each window starting with a different month from January to December (Figure 12). We used these 
time windows in six pairs, representing couples of seasons opposite to each other in the year 
calendar to maximise the difference between seasons. For instance, within the couples, each 
season may represent date ranges for the peak breeding and peak non-breeding seasons, but 
species migrations might be triggered by other factors too, such as escaping (Chapter 2). The two 
months between each seasonal range were excluded to minimise the number of data from 
individuals on the migratory route (following Lees & Martin 2015). 
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Figure 12: Time windows showing the months of the year from January to December 
(clockwise, January on top — J) included in each of the six couples of seasons for which 
we checked for spatial variation in data. Each couple is represented by one black and one 
red ellipse with a gap of two months on each side. Exact dates were a) January to April and 
July to October, b) February to May and August to November, c) March to June and 
September to December, d) April to July and October to January, e) May to August and 
November to February, f) June to September and December to March. These six separate 
groups of windows in time enabled us to check for geographic variation for each species 
throughout the whole year on a monthly resolution. 
 
We estimated the EOO maps using 95% minimum convex polygons in R (R Development Core 
Team 2017), with a customised code (available in the Appendices). A minimum convex polygon 
consists of ‘the smallest polygon in which no internal angle exceeds 180 degrees and which 
contains all points of occurrence’ (IUCN Red List 2016). To produce a 95% minimum convex 
polygon, the algorithm iteratively removes the 5% of locations that have the greatest individual 
influence on the area of the minimum convex polygon (Hu & Yang 2013). We chose this mapping 
method for its simplicity to apply on a large multi-species dataset (Laver & Kelly 2008; Burgman & 
Fox 2003), and because it is endorsed by the IUCN Red List as one of the measures that can be 
used in extinction risk assessments (IUCN Red List 2016). We envisaged that using minimum 
convex polygons for the mapping exercise here may allow future comparisons with (and potentially 
applicability to) the IUCN Red List data. 
The Seasonality Index 
To measure seasonal spatial variability, we created an index (Equation 1) for each couple of 
seasonal maps that is one minus the product of the percentage of overlap in the maps and the size 
ratio between the maps. The index ranges from 0 to 1 and values closer to 1 indicate less overlap 
and more difference in size, thus more spatial variation in each species’ seasonal maps which 
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could be an indication of patterns of cyclical migration or bias in data collection. Values closer to 0 
indicate more overlap and less difference in size, which means less spatial variation. In total, we 
obtained 6 indexes for each species (one for each of the 6 couples of seasons). We considered 
only the largest index of each species for the rest of the analysis. 
Equation 1: 
  Index = 1-(x*y) 
Where x is the maximum intersection of the range polygons s1 in s2 or s2 in s1. The range 
polygons s1 and s2 are potential breeding and non-breeding ranges in each couple of seasons; 
and y is the minimum size ratio between range polygons s1 and s2. 
Threshold 
Using sensitivity analysis, we defined that all species with an index above 0.4 (n=1188) presented 
‘substantial’ spatial variation in their seasonal ranges (Figure 13), which could signify that the 
species is a to-and-fro or irruptive migrant. 
 
Figure 13: Some range configurations detected with our method and data that could be 
linked with species to-and-fro and irruptive migrations. The movements of some of these 
migrants may be: (a) low-dispersive, where range polygons display a shift in space, which 
results in a varying size of overlap of the two polygons depending on the dimension of the 
shift; or (b) high-dispersive with varying amounts of overlap, where migrants display 
contraction/expansion of their range, with or without a shift in their seasonal range centroid 
location. 
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To define the threshold, firstly we aimed at discovering the index value above which all species in a 
group of ‘well-known to-and-fro migrant species’ would be included. We assumed that if Birdlife 
International had mapped a species’ seasonal range, there was little doubt that the species 
migrates. To this end, our group of ‘well-known to-and-fro migrants’ was represented by all the 
species in our dataset with seasonal ranges in BirdLife International’s distribution maps (n= 67). In 
these data from Birdlife International, each species’ range is represented by one or more polygons, 
each polygon classified as either ‘resident’, ‘breeding’, ‘non-breeding’, ‘passage’ or ‘uncertain’. Our 
group of well-known migrants contained all species which exclusively had polygons characterised 
as ‘breeding’, ‘non-breeding’ and/or ‘passage’. Considering a threshold of 0.4 in our seasonality 
index, where species presenting an index equal or larger than 0.4 could be migrants, 96% of the 
well-known migrant species were positively detected as migrants in the eBird dataset. There were 
three species of well-known migrants with an index of less than 0.4: Long-billed curlew Numenius 
americanus (index=0.33), Straneck's tyrannulet Serpophaga griseicapilla (index=0.37) and 
Galapagos penguin Spheniscus mendiculus (index=0.26). A visual inspection of these species’ 
range maps revealed that much of their breeding ranges were spatially contained within the 95% 
minimum convex polygon of their non-breeding ranges, even when in fact the breeding and non-
breeding ranges, in theory, do not overlap at all in space (Figure 14). Minimum convex polygons 
are expected to produce overestimates of area from certain configurations of data, for example 
when the data is spread in a horseshoe or doughnut shape (Burgman & Fox 2003), which explains 
the high overlap of seasonal ranges in these cases. Excluding these three species, accuracy is 
100% and errors of omission and commission increase as we move away from the 0.4 threshold 
(Figure 15). 
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Figure 14: Long-billed curlew Numenius americanus’, Straneck's tyrannulet Serpophaga 
griseicapilla’s and Galapagos penguin Spheniscus mendiculus’ extent of occurrence maps 
provided by BirdLife International of their breeding (dark grey) and non-breeding (light grey) 
ranges. The three species2 are well-known migrants and their non-breeding ranges spread 
around their breeding ranges in a horseshoe shape fashion. This configuration of their 
seasonal ranges jeopardised the measures of spatial and temporal variation of their ranges 
using our method. 
                                                
2 Photo credits: 
N. americanus: Ingrid Taylar, wikimedia.org [CC BY 2.0]; S. griseicapilla: Cláudio Dias Timm, wikimedia.org [CC BY-SA 2.0]; S. 
mendiculus: putneymark, wikimedia.org [CC BY-SA 2.0]. 
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Figure 15: Cumulative percentage of the 67 migrant species that we considered for the 
sensitivity analysis within different thresholds of the index to measure seasonality in 
species’ data. A threshold of 0.4 was used for the rest of the analysis because it included 
96% of the well-known to-and-fro migratory species (n=64), while the remaining 3 species 
yielded a low index value because of the unusual spatial configurations of their seasonal 
distributions (Figure 14). 
4.4 Results and discussion 
Agreement between migrants and seasonality in data 
The spread of the 2460 species’ calculated seasonality indexes are shown in Figure 16. Among 
these, 92 were listed as to-and-fro or irruptive migrants in Chapter 3. Out of these 92 species, 91 
presented seasonality in eBird data. The one species listed as a to-and-fro migrant in Chapter 3 
that did not have an index value greater than our threshold of 0.4 was the Long-billed curlew (its 
value was 0.37). 
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Figure 16: Spread of our 2460 species’ seasonality indexes, which reflect the percentage of 
overlap and the size ratio between each species’ seasonal ranges. Using sensitivity 
analysis, we defined a threshold of 0.4 above which we considered that a species’ 
distribution presented substantial spatial and temporal variation. 
The other 2368 species in our dataset were not listed as to-and-fro or irruptive migrants in Chapter 
3. Of these, 1088 (46%) presented spatial and seasonal variation in their eBird data and 1280 
(54%) did not. A chi-square test of independence revealed that this difference of proportion of 
species presenting and not presenting seasonality was significant (p=2.57E-03). We further divided 
these species into four groups based on their movement classes from Chapter 3 and performed 
binomial tests within each group (Table 9). These tests revealed that the presence and absence of 
seasonality was random within the groups: nomadic and undefined migrants (n=11, p=1), partial 
migrants (n=995, p=0.08), and species with insufficient data (n=265, p=0.11), while it was 
significant for resident species (n=1097, p=1.31E-06). Prior to the analysis we expected a random 
distribution within the whole group of species not listed as to-and-fro and irruptive migrants. Non to-
and-fro and some irruptive species’ ranges are either static or fluctuate in a stochastic manner that 
our method cannot measure due to the limited and fixed number of windows in time that we use. 
However, our method performed slightly better than we expected for the group of resident species, 
which in theory have a static range and should not present seasonality in data. Here, a significant 
proportion of residents did not present seasonality in data (i.e. 57% of the total number of 
residents). 
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Table 9: Presence and absence of seasonality in eBird data of species not listed as to-and-
fro or irruptive migrants in chapter 3. Although we expected a random presence and 
absence of seasonality for these species, among resident species the method performed 
slightly better than expected, classifying 57% with a low index (p<0.05). 
 Seasonality No seasonality   
Movement type    n   %        n    % n total Binomial test (p) 
Nomadic & undefined migrants 5 45 6 55 11 1 
Partial migrants 469 47 526 53 995 0.08 
Residents 468 43 629 57 1097 1.31E-06 
No class (insufficient data) 146 55 119 45 265 0.11 
Total 1088 46 1280 54 2368  
Bias in data or cryptic migration? 
For some species, the spatial variability in the seasonal maps likely reflects spatio-temporal biases 
in observer effort. This might have affected seasonality estimates for some of the species listed as 
resident in Chapter 3 that presented a high seasonality index, given that their range is expected to 
be mostly static in time (Morales-Castilla et al. 2013; Griffioen & Clarke 2002). Citizen science data 
includes different biases towards certain times, places and expertise of collectors, which can 
influence EOO estimates in different ways depending on the approach used to define the EOO 
(Burgman & Fox 2003). Two of these biases arise from the heterogeneous distribution of effort: 
intense sampling of some areas, little sampling of others, and a third from detection probability: 
whether a species is detected and correctly identified given that it occurs in an area (Johnston et 
al. 2018; Tulloch & Szabo 2012; Boakes et al. 2016). Although widely used to estimate species 
range sizes (e.g. Moss et al. 2014; Srinivasan et al. 2018), 95% minimum convex polygons are 
highly sensitive to variation in sampling intensity, as the algorithm iteratively removes the 5% of 
locations that have the greatest individual influence on the area of the minimum convex polygon 
(Hu & Yang 2013). High sampling intensity in some areas will result in a larger number of points 
being removed, while the points in the highly sampled areas are unlikely to be removed. The 
former issue could result in a large number of sparsely sampled locations on the periphery of the 
distribution being removed and result in the EOO being underestimated (Hu & Yang 2013). The 
95% minimum convex polygon is also very sensitive to absence of sampling in some areas, as the 
addition or removal of a single point outside of the 95% minimum convex polygon can result in a 
substantial change to the shape of the polygon. If variation in sampling intensity and detection bias 
are extreme (either because the species is rarely observed or because it is frequently confused 
with other species) this range estimator is unlikely to do well at estimating the EOO. 
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Nevertheless, given the current gap in knowledge on avian movements (explained in chapters 2 
and 3), among the species that presented a high seasonality index and are not listed as to-and-fro 
or irruptive, some could be overlooked migrants. Some of the nomadic, undefined and partial 
migrants could, in fact, be performing movements more regular than we think, and some of the 
residents could actually be migrants or partial migrants. There is a steady stream of studies 
revisiting migratory status in species formerly thought to be sedentary, such as the Little wood-rail 
Aramides mangle (Marcondes et al. 2014), the Rufous-thighed kite Harpagus diodon (Lees & 
Martin 2015) and the Ash-throated casiornis Casiornis fuscus (Lees 2016). Additionally, in some 
cases species are known to perform some type of cyclical seasonal movements, but little is known 
about their spatial pattern, such as the Slaty elaenia Elaenia strepera (Marantz & Remsen 2013). 
Although distinguishing which species’ data presented seasonality due to bias or migration was out 
of the scope of this paper, we consider important that such investigation is performed 
subsequently. Further analysis could reveal a number of overlooked cryptic migratory species 
especially in the mega-diverse tropical regions of sub-Saharan Africa, Southeast Asia and South 
America, where species movements are in general poorly understood (Chesser 1994; Marcondes 
et al. 2014; Barçante et al. 2017). In these regions the prevalence of seasonal migration could be 
the rule rather than the exception as, for example, monsoon regimes in rainforests and seasonal 
fire in drier areas are known to trigger migrations (Endo et al. 2014). Detecting these species’ 
migration status correctly is key to planning appropriately for their conservation, as extinction risk 
assessments are highly dependent on understanding the migratory status of species (Runge et al. 
2015a). 
Seasonal range maps 
Through visual inspection of the seasonal maps, we detected some that we believe could be the 
closest available representation of the seasonal ranges of some migrant species to date, but which 
would require further investigation for confirmation. Some examples include American dippers 
Cinclus mexicanus, White-throated hawks Buteo albigula, Beryline hummingbirds Amazilia 
beryllina, Blue-fronted lancebills Doryfera johannae, White-ruffed manakins Corapipo altera and 
Snowy cotingas Carpodectes nitidus (Figure 17). For instance, these six species are listed as non-
migrants by BirdLife International, the IUCN Red List authority for assessing global avian extinction 
risk, which also does not provide any spatial representation of their seasonal range 
(datazone.birdlife.org). Nevertheless, there is evidence in the literature that they migrate (Table 
10).   
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Figure 17: The 95% minimum convex polygons for seasonal distribution of records of 
American dippers Cinclus mexicanus, White-throated hawks Buteo albigula, Beryline 
hummingbirds Amazilia beryllina, Blue-fronted lancebills Doryfera johannae, White-ruffed 
manakins Corapipo altera and Snowy cotingas Carpodectes nitidus3. There is evidence in 
the literature that these species migrate (Table 10), but no spatial representation of their 
seasonal ranges has been available so far. 
                                                
3 Photos credits: 
C. mexicanus: Alan Wilson, wikimedia.org [CC BY-SA 3.0]; B. albigula: Cyborgsoto, wikimedia.org [CC BY-SA 4.0]; A. beryllina: 
Dominic Sherony, wikimedia.org [CC BY-SA 2.0]; D. johannae: Nick Athanas, flickr.com [CC BY-SA 2.0]; C. altera: Steve Garvie, 
wikimedia.org [CC BY-SA 2.0]; C. nitidus: Francesco Veronesi, wikimedia.org [CC BY-SA 2.0]. 
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Table 10: Sources in the literature reporting that American dippers Cinclus mexicanus, 
White-throated hawks Buteo albigula, Beryline hummingbirds Amazilia beryllina, Blue-
fronted lancebills Doryfera johannae, White-ruffed manakins Corapipo altera and Snowy 
cotingas Carpodectes nitidus perform at least one type of migratory movement. 
Species Source 
American dipper 
Cinclus mexicanus 
Boyle & Martin (2015); USFWS (2018); Barçante et al. (2017); del Hoyo et al. 
(1992–2013); Gillis et al. (2008); Boyle (2017). 
Beryline hummingbird 
Amazilia beryllina 
del Hoyo et al. (1992–2013); USFWS (2018); Howell, Lewington & Russel (2014). 
Blue-fronted lancebill 
Doryfera johannae 
del Hoyo et al. (1992–2013); Barçante et al. (2017); Hardesty & Fraser (2010); 
Stiles (1980); Hilty (2003). 
Snowy cotinga 
Carpodectes nitidus 
Loiselle & Blake (1991); Boyle (2011); Barçante et al. (2017); del Hoyo et al. 
(1992–2013). 
White-ruffed manakin 
Corapipo altera 
Blake & Loiselle (1991); Loiselle & Blake (1991); Boyle (2011); Barçante et al. 
(2017); Boyle, Norris & Guglielmo (2010). 
White-throated hawk 
Buteo albigula 
Bildstein (2004, 2019); Barçante et al. (2017); del Hoyo et al. (1992–2013). 
Some of the estimated range sizes for seasonal maps are smaller than the qualifying thresholds for 
listing species as threatened in the IUCN Red List, and further investigations could reveal a need 
to re-evaluate the IUCN Red List status of these species. In these extinction risk assessments, 
species with a smaller range are assumed to have a higher risk of extinction, all else being equal. 
In the IUCN Red List, the thresholds are 20,000 km2, 5000 km2 and 100 km2 for listing species as 
‘Vulnerable’, ‘Endangered’ and ‘Critically Endangered’ respectively (and there are ancillary criteria). 
For non-migrant species, their whole range size is compared against these thresholds; however, 
for migrant species, the size of the smallest area where the species concentrates at any point in 
time should be considered. The smallest of the seasonal maps that we produced for some species 
that are listed as non-migrants by BirdLife International and IUCN Red List, but are listed as 
migrants in Chapter 3, is smaller than the IUCN Red List thresholds as explained above. For 
example, the distribution of Snowy cotingas between August and November covers only 
16,305 km2. However, we cannot determine on this evidence alone whether these species should 
be uplisted because Red List assessments also rely on additional criteria, and further analysis 
would be required for each species for an accurate re-evaluation of their extinction risk. 
Method performance 
Our method was able to map and measure the seasonal distributions of species’ records using 
presence-only data, and it proved to be effective to detect to-and-fro and irruptive migrants’ spatial 
seasonal patterns systematically across many taxa. The only other systematic approach of this 
kind that we found in the literature has been developed by Griffioen and Clarke (2002). However, 
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these authors’ method requires information on breeding season dates, which they acquired from 
The Birds Australia Nest Record Scheme data, and this information is not widely available for 
many species across the globe. On the other hand, presence data on birds compiled by citizen 
science are abundant and increasing, and they are easily accessible, thus presenting a unique 
opportunity to advance our knowledge on migrations (Walker & Taylor 2017). To this end, we 
believe that our method provides an important path towards detecting patterns of migration in 
presence datasets and producing seasonal range maps, but we highlight the need for 
implementation of appropriate statistic techniques to account for bias in the data (Bird et al. 2014; 
Johnston et al. 2019). While we provide a list of species that are currently classified as residents 
and which present seasonality in their records, and we hypothesise that some of them could be 
cryptic migrants unknown to science, using robust statistical techniques to account for bias could 
point out these species with more reliability. Furthermore, although we looked for seasonality in 
records among 12 windows in time throughout the months, this is still a simplification of all the 
possible migration calendars, thus we are not able to detect less regular seasonality from 
migrations in which timing is different from the dates we selected. Further improvements to our 
method could enhance its potential to detect patterns of these less regular migrations and even 
stochastic migrations of nomadic species.  
Concluding remarks 
Gaps in our knowledge of avian distributions mean that the presence of migration may be 
overlooked in many species, even in comprehensive datasets. Furthermore, the most accurate 
information on bird migrations is scattered over a vast literature and hard to gather and collate for 
many species. We developed a seasonality index and explored its potential to reveal patterns of 
bird migrations in presence data from citizen science data, which are globally abundant and easily 
accessible. Our method performed successfully in detecting spatial and temporal variation of to-
and-fro and irruptive migrants. We envisage that improvements can be made to our methods to 
account for bias in data and point out cryptic migrations that have gone unnoticed to date.  
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CHAPTER 5 
5 Elucidating global patterns of effort for avian data 
5.1 Abstract 
Presence data on birds have been building up rapidly in volume and spatial scope in the last few 
decades compared to other taxa. While scientific surveys contribute to this fast data accumulation, 
most of these data originate from citizen scientists, through specific programs that use online 
platforms to upload data. Much of this avian presence data is shared through The Global 
Biodiversity Information Facility (GBIF), which is the largest data repository of bird occurrences 
globally. While GBIF data has been used extensively in scientific research, there are challenges in 
interpreting and using this dataset. These challenges include taxonomic bias, spatial and temporal 
bias and variation in observer skill. For instance, variation in effort results in spatial clustering of 
occurrence records where, globally, some areas are under-sampled and some areas are over-
sampled. In order to use GBIF data soundly, it is necessary to understand and address these 
biases. Here we assess spatial variation of effort in GBIF data collected from direct personal 
observation (i.e. excluding museum, machine and other observations). We develop a measure of 
effort that we apply to GBIF global data and measure its correlation with 21 biophysical and 
socioeconomic variables. Our map of effort shows high intensity of effort in Europe, North America, 
South Africa, India and Australia, compared to other regions. Our modelling showed that the 21 
variables explained ~80% of the variability in effort, which is more strongly linked to socioeconomic 
than biophysical variables. For instance, the intensity of night lights was the most important 
predictor variable, showing a linear and monotypic relationship with the response variable. We 
discuss approaches to minimise spatial bias in effort prior to data collection, such as incentives to 
target effort in data-poor regions, and ways to account for bias in existing data through statistical 
approaches. 
5.2 Introduction 
Data on birds have been accumulating rapidly in the last few decades compared to other taxa 
(Amano et al. 2016), especially presence-only data, which has been increasingly used in scientific 
research and conservation decisions (Yaukey 2010; Fink et al. 2014; Sullivan et al. 2017). 
Although data collection driven by both amateurs and professionals is an old practice, probably 
dating back to the 18th century (Greenwood 2007), this practice has peaked with the invention and 
accessibility of the internet and smartphones and by motivation from citizen-science initiatives 
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(Crowston et al. 2012; Tulloch et al. 2013b). Presence-only data, in particular, have increased with 
the growing popularity of citizen science as they require minimal effort to collect (Yaukey 2010; 
Sullivan et al. 2017). The current high volume of presence-only data reaches great spatial and 
temporal breadth without compromising fine-grain resolution, which is often critical for monitoring, 
studying and conserving biodiversity (Yaukey 2010; Sullivan et al. 2017). Avian presence-only data 
from both unstructured and structured surveys, that are made available in public repositories, are 
widely used in pure and applied ecological research (Theobald et al. 2015; Danielsen et al. 2010; 
Mesquita et al. 2010; Cooper et al. 2007; Şekercioğlu 2002; Horns et al. 2018; Greenwood 2007; 
Gorta et al. 2019). 
The Global Biodiversity Information Facility (GBIF; www.gbif.org) is a network that integrates and 
provides open access to data on birds and other taxa, with more than 1.3 billion records for more 
than 1.6 million species. It is currently the largest repository of avian records globally (Yesson et al. 
2007). As of December 2018, this database contained more than 600 million bird occurrence 
records from hundreds of programs that share their data through GBIF. Data from GBIF has 
become key for an array of scientific research and has been used, for example, in species 
distribution modelling (e.g. Williams et al. 2017), for listing of threatened species (Bayraktarov et al. 
2019) and to assess the impact of climate change on species at the global scale (Warren et al. 
2013). As a large, unified and easily accessible source of data, GBIF has been crucial in helping 
overcome one of the main barriers pointed out by scientists to limit the use of citizen science data, 
which is gathering and merging data from many sources (Amano et al. 2016; Burgess et al. 2017). 
Nevertheless, GBIF poses a challenge in terms of understanding and addressing random errors 
and biases, because it hosts datasets from several different programs. Sampling methods and 
expertise of observers vary from one program to another, and within and across programs from 
one individual observer to another (Isaac et al. 2014). While some data shared in GBIF are 
gathered in a structured way, that is, monitoring the same location over time using consistent, 
scientifically determined methods, the majority are gathered incidentally or opportunistically, that is, 
search effort is neither directed nor accounted for (Bayraktarov et al. 2019). The advantage of the 
latter is the acquisition of large volumes of data, while some pitfalls include increased amounts of 
error and spatio-temporal bias due to variability in effort, detectability and observer expertise 
(Johnston et al. 2018). Furthermore, even structured data, when used at a different scale from the 
intended use (e.g. collected regionally and used globally for another purpose) or when pooled 
together over larger areas, as happens in GBIF, can show biases. Some of these problems can be 
addressed during analyses if we understand the limitations of the data (Johnston et al. 2019; Fink 
et al. 2014). 
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Random error is variation in a response variable that cannot be described in terms of predictors 
(Bird et al. 2014). Sampling error in citizen science data is often introduced when observers differ 
in their ability to detect, identify and quantify the occurrence of species or events (Johnston et al. 
2018). Mistakes can be introduced directly in the observation process, through measuring and 
recording covariate data (such as associated environmental data), or through variable execution of 
sampling protocols (Szabo et al. 2010). Large amounts of random error may not be an issue if the 
pattern of interest is strong, but in this case, large datasets are usually required to detect patterns. 
The large quantity of data from citizen science programs can sometimes compensate for data bias 
and errors relative to more formal surveys (La Sorte et al. 2018; Fink et al. 2014). Linear models 
and their extensions can be used to quantify and account for error in ecological data (e.g. R 
package MCMCglmm; Hadfield 2010). Error can be unbiased when it is centred around zero, 
otherwise it is biased. 
Two important types of bias that may affect data in general, which are usually present in citizen 
science data, are systematic and sampling biases (Bird et al. 2014). Systematic bias occurs when 
repeated measures of the same process provide consistent over- or under-estimates of the true 
value. Sampling bias occurs when some aspects of the process of interest are more likely to be 
sampled than others, so that the mean is overly influenced by these samples. The spatial and 
temporal clustering of citizen science observations are examples of sampling bias (Johnston et al. 
2019). Regional studies have shown participant’s preference to visit locations that are easily 
accessible (Reddy & Dávalos 2003), with high species diversity (Tulloch et al. 2013b), or that are 
within protected areas (Tulloch et al. 2013a). These preferences may favour habitats preferable to 
certain species, thus making it difficult to distinguish real spatial variation in occurrence or 
abundance from those due to effort expended (Isaac et al. 2014). 
In this paper, we explored effort and spatial bias in GBIF data at a global scale. We analysed GBIF 
data from 2002 to 2018 to produce a measure of effort that we used as a response variable. Our 
effort data reflects the number of unique observers, per month, per year, at a spatial resolution of 
one degree. Records submitted by the same observer within the same one-degree grid cell, within 
the same month were pooled, identified by the observer’s ID, regardless of the number of species 
observed. If the same observer submitted records from multiple grid cells within the same month or 
surveyed the same location in different months, they constituted different entries in the final 
dataset. This dataset represents a measure of effort, for which we assessed the spatial correlation 
with 21 socioeconomic and biophysical variables, most of which have been previously deemed to 
be important predictors of bird observer effort. For the modelling we used the randomForest 
package in R (Liaw & Wiener 2002) and we developed three models, one containing all the 
variables (full model), the second with only the 13 socioeconomic variables and another with only 
the 8 biophysical variables. 
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5.3 Methods 
All pre-processing of data and analyses were conducted in R (R Development Core Team 2017) at 
a spatial resolution of one degree. The predictor variables had various spatial resolutions originally 
and they were resampled to one degree using the nearest neighbour algorithm (Parker et al. 
1983). We excluded sea areas from all spatial data prior to the analysis by applying a map of the 
countries of the world (from ArcGIS.com) as a mask. 
Data 
Original GBIF data 
We obtained a measure of observer effort from GBIF data (www.gbif.org) across seventeen years 
to use as a response variable. Although data from GBIF dates back to 1600, we only used data 
from the beginning of 2002, when eBird was launched, to the end of 2018 when we downloaded it. 
This choice of dates is due to our interest in understanding more recent patterns of observation 
coupled with eBird’s major contribution to the increase in GBIF bird records, particularly since 2002 
(Amano et al. 2016). eBird is the largest citizen science program in the world and alone accounts 
for over 60% of all bird records in GBIF to date, and for over 80% of the records in the subset of 
this data that we downloaded from GBIF. Data from January 2002 to December 2018 accounted 
for ca. 65% of all data in GBIF until December 2018. Using the online filtering option from the GBIF 
website, we downloaded global data for birds (1) from January 2002 to December 2018, (2) which 
were collected by human observation, that is, excluding records from fossil species and machine 
observation for example, and (3) with no spatial issues (as reported by GBIF). The downloaded 
dataset had a total of 504 million records and 45 variables. 
Pre-processing of GBIF data 
Our effort data reflects the number of unique observers, per month, per year, at a spatial resolution 
of one degree. To obtain this effort data we firstly eliminated variables and observations from the 
GBIF data that were irrelevant for our analysis, thus keeping only the fields (1) with the ID of the 
observer who collected the entry (RecordedBy field in GBIF data), (2) month, (3) year, (4) latitude 
and (5) longitude. Contrary to most uses of avian presence data (e.g. Newbold et al. 2013; Boakes 
et al. 2010), species names were irrelevant for this analysis, where our interest was actually the 
frequency of observation. Among the date variables, we discarded ‘day’ both for simplification of 
results and under the assumption that surveying a location every month every year provides a high 
enough temporal resolution at that location for most scientific and conservation purposes. In the 
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second step we rounded the latitude and longitude variables to one-degree spatial resolution. 
Thirdly, we excluded all the duplicated rows (where all of the values for the variables of interest 
were the same) and any rows that had missing values in any of the fields. In this last step we 
eliminated multiple entries for the same observer and sampling event within each month and year 
per one-degree pixel. 
Predictor variables 
We included 21 predictor variables that either we found in the published literature to be correlated 
with birdwatching activities, or that we believed could be important (Table 11). Data were available 
for some predictor variables, for example, we used roads data (WCS 2005) to assess the 
importance of accessibility (Boakes et al. 2010; Millar et al. 2018; Tulloch et al. 2013a; Geldmann 
et al. 2016). However, for some variables we needed to use surrogates; for example: the 
Normalized Difference Vegetation Index (NDVI) has been shown to be correlated with vegetation 
diversity (e.g. Gould 2000), so we used it as a proxy of vegetation diversity (Boakes et al. 2010; 
Tulloch et al. 2013a). We could not find any adequate data at a global scale to represent only one 
potentially important variable, which is ‘distance to home of observer’ (Millar et al. 2018; Tulloch & 
Szabo 2012; Dennis & Thomas 2000), so we could not include it in our analysis.  
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Table 11: Description of the data we used as predictor variables of effort in GBIF data, using 
Random Forest analysis. The first eight rows describe the biophysical variables, and the 
remaining 13 rows describe the socioeconomic variables. 
Variable Reference Data Data type Source 
Bird diversity Boakes et al. (2010) Bird richness Continuous Jenkins et al. (2013)  
General 
biodiversity 
Boakes et al. (2010); 
Tulloch et al. (2013a) Biodiversity Index 
Categorical 
(per country) 
Convention on Biological 
Diversity (www.cbd.int) 
Vegetation        
diversity 
Boakes et al. (2010); 
Tulloch et al. (2013a) 
Normalized 
Difference 
Vegetation Index 
Continuous 
MODIS — Moderate Resolution 
Imaging Spectroradiometer 
(modis.gsfc.nasa.gov) 
Wilderness 
areas Martin et al. (2012) Last of the wild Continuous 
Wildlife Conservation Society 
(sedac.ciesin.columbia.edu/data) 
Temperature — Monthly temperature Continuous WorldClim (www.worldclim.org) 
Precipitation — Monthly precipitation Continuous WorldClim (www.worldclim.org) 
Steepness Mair & Ruete (2016) Steepness Continuous 
NASA ASTER Global Digital 
Elevation Model 
(cmr.earthdata.nasa.gov) 
Protected areas  
Boakes et al. (2010); Millar 
et al. (2018); Tulloch et al. 
(2013a); Martin et al. 
(2012); Reddy & Dávalos 
(2003) 
World Database 
on Protected 
Areas 
Categorical 
International Union for 
Conservation of Nature 
(www.iucn.org) 
Demographic Mair & Ruete (2016) Population density Continuous 
Global Human Footprint/ Wildlife 
Conservation Society 
(sedac.ciesin.columbia.edu/data) 
English 
language 
Amano & Sutherland 
(2013) 
Member of the 
Commonwealth Binary 
The Commonwealth 
(thecommonwealth.org) 
Tourism — Tourism Categorical (country) 
United Nations 
(data.un.org/Explorer.aspx) 
 
Mobile phone — Mobile phone Categorical (country) 
Internet users — Internet users Categorical (country) 
Human security Amano & Sutherland, (2013) Homicide 
Categorical 
(country) 
Socioeconomic 
Martin et al. (2012); Amano 
& Sutherland (2013) 
Gross Domestic 
Product  Continuous 
Kummu et al. (2018) 
 
— 
Human 
Development 
Index 
Continuous 
Human modified 
land Geldmann et al. (2016) 
Global Human 
Footprint Continuous 
Wildlife Conservation Society 
(sedac.ciesin.columbia.edu/data) 
 
Night lights 
La Sorte et al. (2017); 
Horton et al. (2019); Van 
Doren et al. (2017) 
Night lights Continuous 
Accessibility 
Boakes et al. (2010); Millar 
et al. (2018); Tulloch et al. 
(2013a); Geldmann et al. 
(2016); Reddy & Dávalos 
(2003); Mair & Ruete 
(2016) 
Roads Categorical (0,1) 
Travel time to 
cities Continuous Weiss et al. (2015) 
Location of 
program 
Amano & Sutherland 
(2013) 
Country Members 
of eBird Binary eBird (ebird.org) 
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Modelling 
We used a non-parametric modelling approach, Random Forest analysis, to analyse the variability 
of birdwatching effort globally in relation to the socioeconomic and biophysical variables using the 
randomForest package in R (Liaw & Wiener 2002; R Development Core Team 2017). Random 
Forest analysis is a technique that uses re-cursive and ‘out-of-bag’ bootstrap sampling (i.e., 
predicting data not in the bootstrap sample) to construct binary partitions of predictor variables, 
fitting regression trees to the dataset, and ultimately combining the predictions from all trees 
(Breiman 2001). Predictors are ranked by mean squared error (Breiman 2001; Cutler et al. 2007) 
and the order reflects the influence of each predictor on the response variable. Random Forests do 
not assume/require any specific statistical distribution for the predictor variable or independence of 
data, they only require two parameters, the number of variables in the random subset at each node 
and the number of trees in the forest, and they are robust against over-fitting (Liaw & Wiener 
2002). 
We conducted three sets of Random Forest analyses, with 500 trees for each. In one (full model), 
we used all the 21 predictor variables (Table 11) and seven variables tried at each split. Then we 
distinguished two categories of variables to explore the predictability power of socioeconomic 
versus biophysical variables and ran Random Forest analyses with each. There were a total of 13 
socioeconomic variables, four tried at each split, and eight biophysical variables, two tried in each 
split. 
Although detection probability, detection variability and misidentification of taxa must be taken into 
account in most studies (Johnston et al. 2019 2018), here we ignored these issues because it is 
likely that they affected our results to a negligible extent. Since we ignored the species field in the 
dataset, detection probability and variability would only affect effort data when an observer went 
somewhere and did not record any birds. Nevertheless, in case the observer recorded at least one 
individual and reported it in the dataset, the survey was captured in our effort data. We assumed 
that only rarely someone goes birdwatching and does not detect any birds, therefore we 
considered these events insignificant. Misidentification does not influence our results at all. 
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5.4 Results 
Models 
In the full model, 21 variables explained 79.5% of variance (mean of squared residuals = 1318643) 
in effort variation. The resultant model is in good accordance with the observed data (Figure 18). 
Bird survey effort was, in general, more strongly associated with socioeconomic variables related 
to technological (e.g. night lights and internet) and economic development (e.g. population density 
and human development index – HDI) than with the biophysical variables. Some of the most 
important biophysical variables were wilderness areas and precipitation, while the variables 
associated with biological richness were among the least important (i.e. biodiversity and vegetation 
indexes and bird richness). The predictor variables are presented in Figure 19 in order of influence 
on effort for the full model, and in Appendix 2 with trend lines for each variable individually with the 
response variable. When fitted separately into the model, socioeconomic variables explained 
79.38% of the variation (mean square residuals of 1329935) and biophysical variables explained 
59.53% of the variation (mean square residuals of 2609629). 
 
 
Figure 18: Relationship between observed and predicted values of birdwatching effort 
globally. Twenty-one variables explained 79.5% of variance in birdwatching probability (a; b 
in log scale). 
 
 88 
 
Figure 19: Predictor variables in order of increasing influence on effort of the Global 
Biodiversity Information Facility (GBIF) presence-only data as assigned by the Random 
Forest algorithm. Bold text indicates the biophysical variables and the rest are the 
socioeconomic variables. In the x axis, %IncMSE stands for mean square-error. 
 
Spatial variability of effort 
Our effort dataset contained 877,836 unique observers and 6.5 million occurrences (i.e. 
observers/month/year/1 degree pixel). The effort map shows the spatial variability of effort globally 
(Figure 20a), which is highest in regions of the United States of America, western countries of 
Europe, southern countries of Africa, India and south-eastern Australia. While the United States of 
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America and western European countries present fairly homogeneous high effort through space, 
the southern African countries, India and Australia show a higher spatial variability of effort. Effort 
is consistently low in the northernmost regions of North America and Asia, in Greenland, north-
west and central Africa and in the Arabian Peninsula. South America and the rest of Asia present a 
highly variable distribution of effort. We show the high visual agreement between the observed and 
predicted maps of effort in Figures 20a and 20b. 
 
Figure 20: Global distribution of (a) observed and (b) modelled effort of GBIF avian 
presence data from 2002 to 2018. 
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5.5 Discussion 
To our knowledge, this study has been the first to assess the correlation of several variables with 
bird survey effort globally at a one-degree resolution. Other studies on spatial variability of 
birdwatching data have been regional (e.g. Tulloch et al. 2013a), or they have mostly focused on 
the correlation of variables with species occurrences rather than effort (e.g. Newbold et al. 2013). 
Other studies have looked at relationships of effort with single variables in isolation (e.g. Martin et 
al. 2012). Amano and Sutherland (2013) took a further step by analysing birdwatching variability 
globally, but they only used four variables, all socioeconomic, none biophysical, and these authors 
looked at country resolution, thus missing a lot of intra-country variation which is clear in our effort 
maps, observed and modelled. 
Modelling 
Our model and data demonstrated great predictive power, with close to 80% of variance in effort 
explained. The choice of using Random Forests enabled us to use many predictor variables 
without compromising the modelling due to any potential correlation between these variables. 
Unlike other statistical methods, Random Forests ‘spread’ the variable importance across all 
variables, thereby avoiding the need to eliminate variables that are good predictors and are 
correlated with one another (Cutler et al. 2007). Nevertheless, Random Forest is a non-parametric 
model and sacrifices interpretability for higher predictive power (Strobl et al. 2007); hence we do 
not focus on single-variable discussions in this paper. As a general rule, variables can potentially 
be associated with a broad range of other factors, with which they co-vary. For instance, some of 
our variables could be correlated with other factors not included directly in our analysis. 
Despite the challenge in interpretability of individual variables in Random Forests’ results, it is 
worth noting that the presence of night lights has a linear and monotypic relationship with the 
response variable (partial plots in Appendix 2). Nevertheless, we cannot distinguish in this study if 
(or how much) effort is directly correlated with night lights or if the latter is acting as a surrogate of 
other variables with which effort is correlated. Some of these other variables could be, for example, 
presence of people, population density, roads and electricity, which make it more convenient for 
observers to conduct surveys (Boakes et al. 2010; Millar et al. 2018; Tulloch et al. 2013a). On the 
other hand, night lights are known to attract nocturnal bird species, both residents and migrants en 
route, and are responsible for substantial mortality (La Sorte et al. 2017; Horton et al. 2019). For 
instance, under illumination, bird densities near the light beams of the National September 11 
Memorial & Museum in New York, USA, were over 20 times higher than surrounding baseline 
densities during observations over seven years (Van Doren et al. 2017). Additionally, lots of 
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migrants travel at night, and observers often conduct ‘moon-watch’ counting birds that pass in front 
of the moon and also by artificial light (La Sorte et al. 2017; Horton et al. 2019). 
Spatial variability of effort globally 
Our maps show more coverage and higher intensity of effort in regions where most citizen science 
schemes for birdwatching are located, for example Europe, North America, South Africa, India and 
Australia (Chandler et al. 2017). These regions are also among the wealthiest, reinforcing that 
socioeconomic variables are the most important predictors of bird survey efforts. Some of the least 
sampled regions of the globe include large portions of Latin America, Africa and southern Asia, 
which in general are less socioeconomically advantaged regions, also with a shorter history of 
scientific research compared to Europe and the United States. Martin et al. (2012) have also 
shown that effort in formal surveys for scientific studies is skewed towards regions of Central 
America, Europe and North America with underrepresentation in the Middle East, Africa, Asia and 
South America. Nevertheless, some of these under-sampled regions are among the most 
biodiverse yet are threatened globally so might benefit most from having data available to be used 
in research and conservation planning (Ferrer-Paris et al. 2019). 
Our model using a responsive variable at one-degree resolution shows high variation of effort 
within countries globally. Although this variation had not been studied previously at the global 
scale, other regional studies point to similar results at a more local scale. For example, high 
heterogeneity has been detected in atlas data for passerines in the sub-Saharan countries of Africa 
(Reddy & Dávalos 2003) and for bird species in general in south-west Western Australia (Tulloch 
et al. 2013a). 
Addressing bias in presence-only data 
Since bias can be minimised but is unlikely to be completely eliminated in global presence-only 
data, its inferential capacity in science rests on the use of modelling approaches that identify and 
correct for data quality issues (Bird et al. 2014). A suite of statistical methods and tools can be 
used to account for bias in presence-only data (Bird et al. 2014); some examples include mixed-
effects models, when data are subject to sampling bias (e.g. MCMCglmm), hierarchical models, 
when the sampling design has some element of systematic bias that can be measured with data 
(e.g. R2WinBUGS; Sturtz et al. 2005) and machine learning approaches, when many predictor 
variables are of interest and may be correlated (e.g. classification and regression trees; De’Ath & 
Fabricius 2000). In many of these methods, using a measure of effort, like the one we produced 
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here for GBIF data, produces significantly better results (Johnston et al. 2019). For instance, 
species distribution models (SDMs) have been extensively used to predict the likely distribution of 
species in unsampled space or time (e.g. Runge et al. 2015a). Large and broad-scale datasets, 
such as those collected by citizen science programs, are suitable for SDMs, as they can be 
compared against extensive geographical datasets using geographic informations systems (GIS). 
The basic premise is to use a modelling approach (e.g. the ones described above) to characterise 
the relationship between species occurrence or abundance data and a series of environmental 
predictor variables. For instance, MaxEnt (maximum entropy) models have become an extremely 
popular SDM tool (Phillips et al. 2017). In MaxEnt, model performance is improved when measures 
of effort are used to account for spatial bias, for example, by using a bias grid of effort to give a 
weight to random background data used for modelling (Kramer-Schadt et al. 2013; Fourcade et al. 
2014). Yet, another example of how to use information on effort to address bias is described in 
Fithian et al. (2015). These authors developed a probabilistic model for the joint analysis of 
presence-only and presence-absence data to exploit their complementary strengths. They pool 
presence-only and presence-absence data for many species and maximise a joint likelihood, 
simultaneously estimating and adjusting for the sampling bias affecting the presence-only data. By 
assuming that the sampling bias is the same for all species, they borrow strength across species to 
efficiently estimate the bias and improve the inference from presence-only data. Finally, alternative 
approaches exist to infer information in areas of low data availability, such as Bayesian Belief 
Networks informed through expert elicitation (Kuhnert et al. 2010). 
Minimising bias in data collection 
For global analysis, it is often possible to address gaps in effort with adequate statistical 
techniques after data has been collected (Johnston et al. 2019; Fink et al. 2014). However, these 
methods cannot be applied locally to some regional studies with low intensity and coverage of 
sampling (Yoccoz et al. 2001). Solutions discussed in the literature to facilitate more even effort 
include promoting citizen science effort (Chandler et al. 2017) and formal structured surveys to 
areas of gap (Tulloch et al. 2013a; Bayraktarov et al. 2019). However, limited funding for 
conservation worldwide means that decisions need to be made about where to fill gaps and who 
will be collecting data (Tulloch et al. 2013a). Furthermore, it is important to set clear objectives 
before undertaking surveying activities because different surveying goals result in different areas 
being prioritised for future surveying (Tulloch et al. 2013a). In this process, our map of effort can be 
one among other data (e.g. cost, local studies) to help set these objectives and priorities. 
Citizen science effort in gap regions can be achieved by promoting targeted birdwatching (such as 
ecotourism) and by fomenting engagement of local communities in the practice of collecting data 
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(e.g. Important Bird Areas; BirdLife International 2014). Incentives for birdwatchers to travel and 
collect data in gap regions has a high probability of success because birders form the largest 
single group of ecotourists, have above-average income (Tulloch & Szabo 2012; Şekercioğlu 
2002) and are willing to contribute significant time and financial resources to their birdwatching 
activities (Callaghan et al. 2018). This type of location-targeted birdwatching also has the potential 
to take income to local communities in need, since the gap regions are usually located in remote 
places in poor areas. Furthermore, it can serve as an incentive for local people to protect the 
habitat, especially given that some of the gap areas are highly biodiverse (Ferrer-Paris et al. 2019). 
Nevertheless, despite being one of the most sustainable types of ecotourism, birdwatching can 
also come with a cost for human and avian communities, and the economic and environmental 
impacts of this hobby demand more research, especially in less-developed countries in the tropics 
(Şekercioğlu 2002). Birdwatching, in general and especially in economically and biologically 
sensitive gap regions, should be conducted in a way that disturbance to wildlife is minimised and 
financial contribution of birdwatching to these local communities is enhanced (for 
recommendations see Şekercioğlu 2002). 
Promoting data collection by local communities in developing places where effort is currently 
infrequent can be attained by addressing cultural and socioeconomic barriers (e.g. Ortega-Álvarez 
et al. 2012). Some strategies include using the local language, training people and implementing 
technologies, such as internet, mobile phones and apps (Crowston et al. 2012). Accessibility of 
smartphones and the internet facilitate not only the recording and reporting of sightings but also 
access to information deposited by other observers (e.g. iNaturalist; www.inaturalist.org). In 
addition to minimising bias, regional approaches are very important for decision-making, as well as 
habitat and species conservation. For instance, Danielsen et al. (2010) show that at the village 
scale, monitoring schemes that involve local people and relate to resource utilization at the village 
level are much more effective at influencing decisions. They are also faster, as these decisions 
typically take up to a year to be implemented. On the other hand, when data from monitoring 
conducted by scientists inform decisions they typically take from 3 to 9 years to be implemented. 
So involving local stakeholders in monitoring enhances management responses at local scales and 
increases the speed of decision-making to tackle environmental challenges at operational levels of 
resource management (Danielsen et al. 2010). 
Additionally to collecting data by citizen science, structured monitoring programs that are question-
driven and long-term must be maintained as a benchmark for quality datasets and to validate and 
complement unstructured data (Bayraktarov et al. 2019; Hadj-hammou et al. 2017; Walker & 
Taylor 2017). The increasing prevalence of big unstructured data should not distract policy makers 
and resource managers from the need to invest in gathering structured time series datasets for 
making informed decisions (Bayraktarov et al. 2019). 
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Finally, increased tourism and research in these gap regions should be done in a way to avoid 
further marginalisation of indigenous and local people (Danielsen et al. 2014). Both citizen 
scientists and scientists collecting data in these places and retrieving knowledge from indigenous 
and local people need to work cooperatively and respectfully, addressing principles of intellectual 
property rights, Free Prior and Informed Consent, respect for knowledge holders, and reciprocity 
(Chandler et al. 2017; United Nations 2007). 
Limitations and Opportunities associated with the GBIF dataset 
Data from GBIF are long-term, easily accessible, have global coverage and, even though bias can 
pose challenges to their use, are cost-effective in many applications (Isaac et al. 2014). GBIF 
magnifies the potential to use biological data by storing and providing billions of presence data 
from multiple programs, hence it has enabled scientific research that has never before been 
possible (Yesson et al. 2007). GBIF demonstrates the value of sharing small, localised 
observations that, when aggregated, build a deeper and broader understanding of ecological 
phenomena. Data on birds from GBIF, for instance, sum millions of records to date, which here we 
use to provide information on spatial variability of effort. Our results provide a useful overview of 
the spread of GBIF avian data globally and correlates of effort, which can be used to inform both 
targeted birdwatching effort in gap regions and also accounting for bias in analyses of GBIF data, 
especially at broad scales, such as in continental and global approaches. 
A potential pitfall in GBIF bird data is that it is uncertain to what extent and to which applications it 
is representative of all of the currently existing data, since there are a number of institutions around 
the world that do not share data through this facility (Hampton et al. 2013). Regardless, it is the 
single data source with wider taxonomical, temporal and spatial representation for birds globally 
(Amano & Sutherland 2013; Troia & McManamay 2016). Since the bulk of GBIF data is from 
citizen science, we speculate that some gap regions could be overlapping with regions where 
avian citizen science platforms that do not share data with GBIF are popular. Examples include the 
Second Southern African Bird Atlas Project in Africa (sabap2.adu.org.za) and WikiAves in Brazil 
(wikiaves.com). Some of these organisations provide data freely through their own online 
platforms. However, for some applications that demand data over wide taxonomical, temporal and 
spatial extents, gathering data from many sources may be unfeasible and merging might be 
problematic. Furthermore, data quality issues across citizen science projects are a major problem 
associated with the use of citizen science data in scientific research (Amano et al. 2016; Burgess 
et al. 2017). 
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In this sense, GBIF provides a good solution to centralising and standardising data, thus increasing 
their probability in being used in scientific research (Amano et al. 2016; Hampton et al. 2013). 
Citizen science programs make a big contribution by sharing their data through GBIF as 
collectively they produce an enormous amount of data. For instance, the broad-scale citizen-
science project eBird (ebird.org) provides more than 60 per cent of the data available on birds in 
GBIF to this date. Nevertheless, among other data holders, curation and sharing in general is not 
as frequent, especially regarding structured data (Bayraktarov et al. 2019; Reichman et al. 2011; 
Hampton et al. 2013). Structured data from many scientists, for instance, are collected over limited 
spatial and temporal scales to address local questions, but when data are shared and collated, 
questions can be addressed at larger spatial scales and over longer time frames (Hampton et al. 
2013). Furthermore, accessibility to shared data saves on additional costs associated with 
unnecessary data replication, and has the potential to lend new perspectives to old questions and 
inspire new lines of inquiry (Hampton et al. 2013). The availability of structured data is also 
important to validate and/or enhance the utility of unstructured data (Bayraktarov et al. 2019). Here 
we highlight the importance of treating data as an enduring product of science, thus encourage 
sharing it through easily accessible mediums such as GBIF (Bayraktarov et al. 2019; Hampton et 
al. 2013). 
5.6 Conclusions 
Presence data for birds from structured and unstructured surveys are abundant and still growing 
globally. There is a lot of potential for these data to be used in scientific research, and GBIF 
facilitates accessibility to data from many programs. Several types of bias inherent to GBIF data 
may challenge its use, such as temporal, spatial and taxonomical. Here we explore spatial bias in 
effort of GBIF data globally at a 1-degree pixel resolution. We produced a map of effort and 
explored its correlation with several socioeconomic and biophysical variables. We discovered that 
the socioeconomic variables were stronger predictors of effort variability, which is corroborated by 
our map of effort showing that effort is in general higher in some of the most developed regions of 
the globe. We discussed a two-way approach to manage spatial bias, through minimising bias in 
data collection and by addressing bias with the appropriate quantitative methods when using data 
in statistics and science. Presence data for birds contain a wealth of ecological knowledge and for 
many biodiverse regions they are the only source of biological information, therefore it is important 
to define approaches that maximise the use of such data. GBIF will likely continue to play a major 
role in storing and providing access to presence-only and other types of data, and its usefulness 
will be enhanced as more programs share data through it.  
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6 Thesis Discussion 
6.1 Framing 
In the face of the current global environmental crisis (Barnosky et al. 2011; Ceballos et al. 2017) 
understanding and conserving birds is crucial because they act as well-known umbrella, indicator 
and flagship species for the conservation of other organisms and ecosystems (Bauer & Hoye 
2014) – and they are easily detectable in the three great realms: freshwater, terrestrial and marine. 
There is one particular aspect of birds that makes them especially useful for conservation, the fact 
that many of them migrate. Birds’ migratory movements are important components of ecosystem 
functioning worldwide and disruption to migrations affects whole ecosystems (Bauer & Hoye 2014). 
Nevertheless, anthropogenic threats, such as habitat loss and disruption of connectivity of habitats, 
have resulted in the decline of bird species and their migrations (Dhanjal-adams et al. 2016; Lees 
& Pimm 2015; Newton 2004; Bairlein 2016). 
While knowledge of species and their migration systems is often necessary for their effective 
conservation (Runge et al. 2014), the migratory status of many bird species is still unknown (Lees 
& Pimm 2015). Gaps in knowledge are particularly pronounced for species in the tropical regions, 
and for species performing migrations that are of small magnitude and irregular (Dingle 2008; 
Hsiung et al. 2018; Cottee-Jones et al. 2016). Despite such gaps, the existing literature on bird 
migrations is vast, but it also constitutes a jigsaw puzzle of information that is difficult to compile 
and compare given the large range of different terminologies and definitions used for different 
kinds of migration (Dingle & Drake 2007).  
Despite the gaps in knowledge and the conservation challenges that migratory birds face, they 
constitute one of the most appealing groups of organisms for the general public, who are often 
willing to collect data and invest time and money towards their conservation (Tulloch & Szabo 
2012; Şekercioğlu 2002). While data for birds have been complied for hundreds of years, there has 
been a recent acceleration through the spread of citizen science and improved technology (Yaukey 
2010; Sullivan et al. 2017). For instance, to date there are at least 800 million records of presence 
data for birds (gbif.org). Much of this data has been gathered by citizen scientist birdwatchers, who 
also contribute to these birds’ conservation by advocating for or investing money in their protection 
(Cooper et al. 2015). 
In this thesis, I bring clarity into the categorisation of avian migratory movements and provide 
detailed and comprehensive data that can be used in conservation and in future research. In 
Chapter 2, I perform an extensive literature review on bird migrations to determine to what extent 
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avian migrations can be better categorised into distinct types. In Chapter 3, I compile data for 
10,956 species to make the most comprehensive dataset on global birds and their movement traits 
to date. In Chapter 4, using the current abundance and availability of presence data for birds, I 
explore how we can detect patterns of migrations systematically in existing data. Lastly, in Chapter 
5 I analyse the patterns of effort in the collection of global presence data, to uncover what factors 
bias these data. 
6.2 Summary of main findings and linkages 
In chapters 2 and 3 I reframe existing knowledge about avian migration types to build a typology 
and dataset for global avian movements. I did not perform any field work for these chapters, and all 
the explanations, examples and data that I provided I have retrieved (and often reinterpreted) from 
currently available information, old and new (e.g. Svärdson 1957; Hsiung et al. 2018). In these 
chapters I organized detailed information on avian migrations, which facilitates its efficient and 
consistent use in future conservation decisions and scientific research. Examples of such scientific 
research include comparative studies that use correlation or regression to assess the correlation of 
species traits and a response variable (Fisher & Owens 2004), which are sensitive to data 
accuracy and precision (de Villemereuil et al. 2012). In my typology and dataset, migratory species 
can be allocated to either one or more of the four main classes of migration (to-and-fro, irruptive, 
nomadic and undefined), if few classes are required for a given application. Alternatively, if further 
detail is needed, my primary and secondary classes can be used to form hundreds of coding 
combinations. The flexibility of making very detailed classifications also highlights the great variety 
of movement types within and among species, especially migratory movements of small magnitude 
and those that are irregular (Dingle & Drake 2007). 
In Chapter 3, the dataset that I build presents a much more detailed picture of avian migratory 
movements than any previous single dataset has presented for global birds. For instance, the 
movement classes in my data vary considerably within the groups of species in each of BirdLife 
International’s four listed classes of migrants — that is, full migrants, altitudinal migrants, nomads 
and non-migrants (Figure 21; datazone.birdlife.org). BirdLife International’s list of migrants has 
been used extensively in conservation decisions and scientific analyses (e.g. Newbold et al. 2013; 
Machado & Loyola 2013; Runge et al. 2015b). Considering global species, within BirdLife 
International’s 1887 full migrants, only 647 (34%) were also classified as migrants in my analysis 
(to-and-fro, irruptive, nomadic or undefined), while the remaining 1240 (66%) I classify as partial 
migrants. I also highlight the high proportion of migrants and partial migrants within the list of 
species that BirdLife International recognises as non-migrants, which is relevant to extinction risk 
assessments, conservation and scientific research on migrant species (Runge et al. 2014, 2015a; 
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Paterno et al. 2018). While BirdLife International lists 7898 (75%) of the species in my dataset as 
non-migrants, I list only 4110 (39%) of these as likely residents. Since the literature I used to 
compile the global dataset is limited, even more of these residents could actually be migrants. I 
also detected many partial migrants within all of BirdLife International’s classes (97% of altitudinal 
migrants, 76% of nomads and 31% of residents). Other authors have pointed out the high 
prevalence of partial migration among avian and other species (e.g. Boyle 2017; Dingle 2008; 
Chapman et al. 2011). This abundance of partial migrants may be due to the possible presence of 
biological traits for migration in all avian taxa, as genetic heritage from a common preavian migrant 
ancestor (Berthold 1999, Piersma et al. 2005). Being a possible ancestral trait for all bird species, 
the prevalence of migration may rather be driven by necessity only, with species only exhibiting 
migration behaviours when certain external pressures are present (Berthold 1999; Chapman et al. 
2011, Piersma et al. 2005). 
 
Figure 21: Proportion of the global 10,596 avian species within the classes defined in 
Chapter 3 (migrants, partial migrants, residents and insufficient data) and BirdLife 
International’s (2018) list of migrants (full migrants, altitudinal migrants, nomadic, not a 
migrant and unknown). On the top of each bar is the total number of species within each of 
BirdLife International’s classes. I discovered a high proportion of partial migrants within all 
of BirdLife International classes, including within the group of non-migrants. 
Collating and organising data from several sources for many species to produce data for global 
birds for Chapter 3 was labour-intensive. Additionally, the high number of migrants detected from 
the limited literature review suggests that many more species may be cryptic migrants, known and 
unknown to the literature. To that end, in order to explore new approaches to detect information on 
migrant species, in Chapter 4 I developed a method to systematically detect patterns of spatial and 
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temporal variation in data. I applied this method to abundant presence data from citizen science for 
3622 species of the Western Hemisphere. Citizen science datasets are a valuable research source 
in this region due to their high volume and broad spatio-temporal coverage (Chandler et al. 2017; 
Amano et al. 2016). The method performed well in highlighting movements of currently known 
migrants (91 of 92 detected correctly). Additionally, a proportion of species not known as migrants 
in the currently available literature also presented seasonal variation in their spatial distribution. 
Further analyses accounting for bias in the data, or those that use other types of data, could reveal 
further cryptic migrants among this group in the future. 
In Chapter 4, the inability to distinguish between signal and noise in presence data using my 
method highlighted the need to understand bias in this type of data. Consequently, in Chapter 5 I 
assess effort in presence data globally using data from GBIF, the largest single source of presence 
data for birds (Amano & Sutherland 2013; Troia & McManamay 2016; Yesson et al. 2007). I 
discover that this data is biased towards a number of places, in particular to regions of North 
America, Europe, Southern Africa and Australia, while gaps prevail in various other regions, for 
example, in the tropics. I also measure the correlation of 21 socioeconomic and biophysical 
variables and show that socioeconomic variables are stronger predictors of effort globally. Most of 
GBIF data is from citizen science programs, such as eBird, which have a highly heterogeneous 
observation process (Isaac et al. 2014). In this chapter I discuss how combinations of incentives for 
targeted effort and dealing with bias in data analysis can leverage the power of citizen science data 
in research. 
6.3 Limitations and future research 
Simplification 
Although I present the most comprehensive and detailed typology and data on avian migrations to 
date, as well as systematic detailed analysis of eBird and GBIF data, it important to be aware of 
the inevitable simplification of data, definitions and analyses in some steps of the work. In the 
typology of migration types, this simplification is expected due to the wide variety of migration types 
prevailing among the equally high number of bird species that need to be placed in a restricted 
number of movement classes. When using the typology it is important to consider that a large 
amount of variation is present within each of the movement classes. In the movement data, I 
obtained the movement classes of the species from seven sources: Barçante et al. (2017), CMS 
(2019), EAAFP (2018), USFWS (2018), Eyres et al. (2017) and BirdLife International (2018; 2019). 
Consequently, further investigation of more literature may enable even more detailed and accurate 
assignment of movement classes for each species. In the assessment of spatial and temporal 
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variation of eBird data, the six-time-windows analysed are a simplification of many bird species’ 
migration calendar. These windows overlook several migration patterns, regular or irregular, 
occurring at different times of the year. In Chapter 5, where I correlated effort in GBIF data with 21 
variables, ultimately I used my judgement to choose a reasonable number of meaningful variables 
with which to correlate observer effort; however, there is room here to explore alternative 
correlations some of which could be more or less causal. Future work might look at correlations 
with other variables that could be linked with effort, for example distance to home of observer 
(Millar et al. 2018). 
Interpretation 
Another point worth considering when interpreting and using information from this thesis is the high 
level of interpretation present in the typology and avian movement data (chapters 2 and 3), which 
consequently also influence the results of the eBird analysis in Chapter 4, where I use the 
movement dataset. I read and interpreted multiple sources in the literature for each taxon to obtain 
information and classify their migration types. For some classes little interpretation of the literature 
was required, for example: residents are seen year-round in the same region (Mills & Rogers-Jr. 
1992), while males and females being segregated in space constitute differential behaviour 
(Dolbeer 2011). However, the allocation of some taxa to some classes required a high level of 
interpretation, for example, when the spatial-temporal variability of their movements was between 
the classes to-and-fro, irruptive and nomadic. The use of a quantitative approach to classify 
species movements would minimise the levels of uncertainty due to interpretation (e.g. Griffioen & 
Clarke 2002, Nathan et al. 2008). 
Continuing improvement of data 
My data on global birds’ movements (Chapter 3) is more detailed compared to other global data on 
bird movements, however it still requires improvement. For instance, additional fields of intrinsic 
and extrinsic traits can be added (e.g. usual flock size and average time on migration) and values 
of some of the existing fields can be more detailed. Examples of the latter include the fields in the 
mobility and location categories, which can be turned into categorical or continuous fields. These 
updated fields will ideally reflect each species’ proportional ability to use one or another mobility 
type (Alexander 1998), and the proportion of time they spend in each location. For example, in 
mobility types (walk, fly and swim), a penguin would receive a low score for walking while an 
ostrich would receive a high score. Additionally, the topographical and geographical fields (range, 
altitude and countries) are based on BirdLife International species distribution maps (BirdLife 
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International 2019), which are measures of extent of occurrence (IUCN Red List 2016). These 
measures overestimate the range of many species, and produce overestimates of altitudinal range 
and number of countries (Burgman & Fox 2003). On future versions of this dataset these 
topographical and geographical fields would ideally require updates using more accurate spatial 
data as they become available. 
Improvement of method 
In Chapter 4, although the seasonality index was high for nearly all of the to-and-fro and irruptive 
migratory species (91 of 92 species), it was not possible to confirm if these were accurate 
measures of the species’ seasonal ranges or a result of bias in the data. I developed this method 
to demonstrate that spatial and temporal patterns that can be linked with migration can be retrieved 
systematically and simply from existing data for many species. However, I applied the method to 
presence-only data, which have limited potential to produce robust ecological inference compared 
to complete checklists (Guillera-Arroita et al. 2015) and may require appropriate methods to 
address error and bias (Johnston et al. 2019; Fithian et al. 2015; Bird et al. 2014). To improve 
model performance, future analysis of this kind should include presence-absence data from 
complete checklists in addition to presence-only data. Where complete checklists are available, it 
is important these are not degraded to presence-only data, and that an approach is applied to 
complement its use with presence-only data to optimise the use of all available data (Fithian et al. 
2015; Van Strien, Van Swaay & Termaat 2013). Additionally, in such future work it is important to 
apply methods to include covariates describing variation in effort and detectability (Johnston et al. 
2019), such as the effort data that I obtained from GBIF global data in Chapter 5. Nevertheless, the 
method that I applied to eBird in Chapter 4 data provides a first-hand idea on how to conduct such 
analysis, pending the need to look for patterns in a more refined temporal resolution, and using a 
method that accounts for bias (Johnston et al. 2019; Fithian et al. 2015; Bird et al. 2014). 
Temporal bias 
Although I explore in detail spatial bias in effort for avian presence data globally, future work is 
needed to assess temporal variation as well. Other regional studies have detected bias of effort 
towards certain times (Boakes et al. 2010; Troia & McManamay 2016), but a detailed global 
analysis is lacking. Many types of ecological inference could benefit from a better understanding of 
temporal variation of bird recording effort globally; one example is a future investigation of patterns 
of migration like the one I perform on eBird data in Chapter 4. 
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6.4 Impact pathway 
An impact pathway scheme describes the link between research outputs (i.e. the direct and 
tangible results) and outcomes, for example changes in awareness, skills or understanding 
resulting from use of the research results (Schuetz et al. 2017). One pathway to impact for this 
thesis is through firstly publishing the thesis and each of the chapters in scientific journals, which 
will inform decision makers, researchers and the general public about the findings. As a 
consequence of making results publicly available, decision makers can make more informed 
conservation decisions, often influenced by informed general public and scientific community. 
Researchers also can use the new knowledge as building blocks in the formulation of new ideas 
and new research. Lastly, migratory birds will be better understood and better protected because 
of the improved conservation decisions, and the output of research is more accurate due to the use 
of the new published information (Figure 22). 
 
Figure 22: Impact pathway from the research output to the resulting benefit. One possible 
pathway to impact for this thesis is through (a) publication of the thesis, which (b) will 
inform decision makers, scientists and the general public about the findings. As a 
consequence (c) decision makers perform better conservation decisions — often the 
general public and scientific community influence in these decisions – and researchers use 
the new knowledge to perform more research. Lastly (d) migratory birds are better 
understood and therefore better protected, and the output of research is more accurate. 
Inform decision makers 
Decision makers need an accurate understanding of species movements to promote coordinated 
protection of all sites needed by migrant species throughout their lifecycle (Klaassen et al. 2008; 
Sanderson et al. 2016). These species are vulnerable to overexploitation and habitat loss along the 
chain of sites used during a full migratory cycle, and their access to the common pool of resources 
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needs to be guaranteed. Such protection can be achieved by law and policy frameworks that, for 
example, designate migration areas to promote national and international coordinated agreements 
(Klaassen et al. 2008; Runge et al. 2017). A known limitation to the effective decision-making to 
protect migrants are gaps in statutory listings of migrants. For example, two-thirds of the migratory 
bird species occurring in Australia are not listed under the Environment Protection and Biodiversity 
Conservation Act 1999, and thus are not accounted for in legislation for the protection of migratory 
species (Runge et al. 2017). The typology and data on avian migratory movements presented here 
(chapters 2 and 3) can be used by decision makers to identify migrant species and their dynamic 
habitat, which in turn will improve extinction risk assessments and planning for the migrants’ 
conservation. 
Inform scientists 
In scientific research, the data, methods and discussions provided in this thesis can be used to 
help formulate a large array of future research questions. For example, the classification of species 
migrations can inform fundamental questions in evolutionary ecology and the data on avian 
migratory movements can be used in comparative studies, such as correlation of different types of 
migration and different levels of extinction risk (e.g. Lee & Jetz 2010; Machado & Loyola 2013). 
Although similar studies have been carried out, they do not specifically focus on migrations in 
detail, as the only previously available comprehensive data is oversimplified (e.g. the list of 
migrants from BirdLife International 2018). Obtaining comprehensive data for scientific research is 
often time and resource consuming, especially for global analysis over many species (Devictor, 
Whittaker & Beltrame 2010). Here I provide the scientific community with access to avian 
movement data (Chapter 3) and data on effort of GBIF avian data (Chapter 5). By having easy 
access to data, researchers can better allocate time to other aspects of research, for example 
analysing data and interpreting results. Further, the data itself has value for a diversity of 
questions. I also provide an insight on how to detect patterns of migrants (Chapter 4) and account 
for bias (Chapter 5) in currently abundant presence-only data, which can be used in a range of 
scientific research (Burgess et al. 2017). 
Inform the general public 
Public awareness of migratory birds is an important component of conservation strategies, in part 
because these species’ movements often evoke people’s fascination (Norris & Pain 2002). 
Amending the current underestimation of avian movements and lack of consistency in the literature 
may help to improve the general public’s potential to support the conservation of migrants and of 
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general biodiversity by using migrants as umbrella species. Some of the important groups in the 
general public that influence conservation include local conservation groups, such as ‘site support 
groups’ in Important Bird Areas, global conservation organisations and government departments 
around the world. For instance, site support groups in Important Bird Areas have proven to be an 
effective means for carrying out site monitoring, creating awareness, and informing conservation 
decisions on migratory birds (Norris & Pain 2002). A lack of awareness of migrant species by these 
groups may undermine their potential to contribute to the conservation of migrants in their area. 
Long-distance migrants are often well-known bird species among some groups of the public and 
are the focus of monitoring programs (e.g. Euring; euring.org) and policy agendas (e.g. CMS 
2019), including international treaties (e.g. Japan-Australia Migratory Bird Agreement; EPBC 
Australia 2018). However much less public awareness and action is focused on short-distance and 
irregular migrants, especially in the tropics (Dingle 2008; Eyres et al. 2017; Heckscher et al. 2015). 
Paradoxically, it is common that even in local communities, local migrants are overlooked among 
bird amateurs and specialists. For example, enthusiasts and researchers of the Ringing Scheme of 
eastern Africa have tagged more than 300,000 birds in 25 years, most of which were Palearctic 
migrants, while Afrotropical species have, on the whole, been ignored (Norris & Pain 2002). 
Accurate and clear interpretation of current knowledge in bird migration and ecology in general, 
especially for short-distance migrants in the tropics, is necessary as a starting point to produce 
strategies to inform society about migratory birds, their current status and conservation needs. 
7 Thesis Conclusion 
Here I have demonstrated that a much larger number of bird species perform migratory 
movements than any previous systematic description has depicted to date. I have also shown that 
it is possible to detect patterns of migrants in datasets systematically, and I have explored bias in 
effort in the largest single source of data of global avian occurrence. I envisage that the work I 
present here will be used to inform decision makers, the general public and scientists, and will help 
to inform better extinction risk assessments and conservation decisions. My thesis also provides 
robust methodological foundations and data on which future researchers can build. Ultimately, I 
hope that the eventual impact of my work is that migratory birds are better protected and that 
researchers in the future are better equipped to efficiently improve the accuracy and precision of 
their results in this field.   
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9 Appendices 
9.1 Chapter 4 
Using massively crowd-sourced data to reappraise bird migration in the Western 
Hemisphere 
R script for analyses 
Minimum Convex Polygons 
#load data 
data <- read.delim("eBirddata.txt",header = TRUE, sep = "\t", row.names = NULL) 
 
# set the field names 
fldspecies <- "spp" 
fldmonth <- "monthobs" 
fldlat <- "lat" 
fldlon <- "long" 
 
install.packages("sp") 
install.packages("rgdal") 
install.packages("rgeos") 
install.packages("raster") 
install.packages("adehabitat") 
install.packages("cleangeo") 
library("sp") 
library("rgdal") 
library("rgeos") 
library("raster") 
library("adehabitat") 
library("cleangeo") 
 
#obtaining unique species 
uspp <- unique(data[,fldspecies]) 
length(uspp) 
 
# use this to look at the number of records for each 
# species and time window if you want (optional) 
reccnt <- rep(0, length(uspp)) 
for (i in 1:length(uspp)){ 
  reccnt[i] <- length(which(data[,"spp"] == uspp[i])) 
  #reccnt[i] <- length(which(data[,"spp"] == uspp[i] & (data[,"monthobs"] >= 1 & 
data[,"monthobs"] <= 2))) 
} 
 
print(reccnt) 
 
#parametres 
mcpthresh <- 95 
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# record: area of MCP1 (m2), area of MCP2 (m2), area of intersection, proportion of area 
of MCP1 in MCP2, proportion of area of MCP2 in MCP1 
# summary tables, number of points in mcp1, number of points in mcp2 
results <- matrix(0, nrow=length(uspp), ncol=7) 
 
# for each species... 
for (i in 1:length(uspp)){ 
   
  recs <- as.numeric(which(data[,fldspecies] == uspp[i] & data[,fldmonth] > 3)) 
   
  if (length(recs)>0){ 
     
    x <- data[recs, fldlon] 
    y <- data[recs, fldlat] 
    recsr <- which(is.na(x) | is.na(y)) 
    x <- x[-recsr] 
    y <- y[-recsr] 
     
    sp.ll <- SpatialPoints(cbind(x,y), proj4string=CRS("+proj=longlat +ellps=WGS84 
+datum=WGS84 +no_defs")) 
     
    # world mercator: 
    sp <- spTransform(sp.ll, CRS("+proj=merc +lon_0=0 +k=1 +x_0=0 +y_0=0 +ellps=WGS84 
+datum=WGS84 +units=m +no_defs")) 
     
    coords <- jitter(coordinates(sp), amount=5000) 
    np <- length(coords[,1]) 
     
    sp <- SpatialPoints(coords, proj4string=CRS("+proj=merc +lon_0=0 +k=1 +x_0=0 +y_0=0 
+ellps=WGS84 +datum=WGS84 +units=m +no_defs")) 
     
    recs2 <- as.numeric(which(data[,fldspecies] == uspp[i] & data[,fldmonth] > 2)) 
     
    if (length(recs2)>0){ 
       
      x <- data[recs2, fldlon] 
      y <- data[recs2, fldlat] 
      recsr <- which(is.na(x) | is.na(y)) 
      x <- x[-recsr] 
      y <- y[-recsr] 
       
      sp.ll <- SpatialPoints(cbind(x,y), proj4string=CRS("+proj=longlat +ellps=WGS84 
+datum=WGS84 +no_defs")) 
       
      # world mercator: 
      sp2 <- spTransform(sp.ll, CRS("+proj=merc +lon_0=0 +k=1 +x_0=0 +y_0=0 +ellps=WGS84 
+datum=WGS84 +units=m +no_defs")) 
       
      coords <- jitter(coordinates(sp2), amount=5000) 
      np2 <- length(coords[,1]) 
       
      sp2 <- SpatialPoints(coords, proj4string=CRS("+proj=merc +lon_0=0 +k=1 +x_0=0 
+y_0=0 +ellps=WGS84 +datum=WGS84 +units=m +no_defs")) 
       
      if (length(sp@coords[,1]) >= 5 & length(sp2@coords[,1]) >= 5){ 
         
        p1 <- mcp(sp, percent=mcpthresh) 
         
        p2 <- mcp(sp2, percent=mcpthresh) 
 122 
         
        # do the polygons overlap? 
        pint <- gIntersection(p1, p2) 
         
        if (is.null(pint)){ 
          results[i,] <- c(p1@polygons[[1]]@Polygons[[1]]@area, 
p2@polygons[[1]]@Polygons[[1]]@area, 0, 0, 0, np, np2) 
        } else { 
          results[i,] <- c(p1@polygons[[1]]@Polygons[[1]]@area, 
p2@polygons[[1]]@Polygons[[1]]@area, raster::area(pint), 
raster::area(pint)/p1@polygons[[1]]@Polygons[[1]]@area, 
raster::area(pint)/p2@polygons[[1]]@Polygons[[1]]@area, np, np2) 
        } 
      } 
    } 
  } 
} 
 
df <- data.frame(uspp, results) 
colnames(df) <- c("species", "areamcp1", "areamcp2", "areaintersection", "prop1in2", 
"prop2in1","npoints1","npoints2") 
 
save(df, file="mcp_results.RData") 
write.csv(df, file="mcp_results.csv") 
 
Binomial tests 
> #Nomadic and undefined migrants 
> binom.test(5,11) 
 
 Exact binomial test 
 
data:  5 and 11 
number of successes = 5, number of trials = 11, p-value = 1 
alternative hypothesis: true probability of success is not equal to 0.5 
95 percent confidence interval: 
 0.1674881 0.7662064 
sample estimates: 
probability of success  
             0.4545455  
 
> #Partial migrants (any movement class and residency occuring within the same species) 
> binom.test(469,995) 
 
 Exact binomial test 
 
data:  469 and 995 
number of successes = 469, number of trials = 995, p-value = 0.07579 
alternative hypothesis: true probability of success is not equal to 0.5 
95 percent confidence interval: 
 0.4399618 0.5029217 
sample estimates: 
probability of success  
             0.4713568  
 
> #Residents 
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> binom.test(468,1097) 
 
 Exact binomial test 
 
data:  468 and 1097 
number of successes = 468, number of trials = 1097, p-value = 1.305e-06 
alternative hypothesis: true probability of success is not equal to 0.5 
95 percent confidence interval: 
 0.3971251 0.4565056 
sample estimates: 
probability of success  
              0.426618  
 
> #No movement class (insufficient data) 
> binom.test(146,265) 
 
 Exact binomial test 
 
data:  146 and 265 
number of successes = 146, number of trials = 265, p-value = 0.1101 
alternative hypothesis: true probability of success is not equal to 0.5 
95 percent confidence interval: 
 0.4888857 0.6118490 
sample estimates: 
probability of success  
             0.5509434  
 
> #All species that are not uniquely to-and-fro and irruptive migrants  
> binom.test(1088,2368) 
 
 Exact binomial test 
 
data:  1088 and 2368 
number of successes = 1088, number of trials = 2368, p-value = 8.6e-05 
alternative hypothesis: true probability of success is not equal to 0.5 
95 percent confidence interval: 
 0.4392368 0.4797825 
sample estimates: 
probability of success  
             0.4594595  
 
Supplementary Data: List of bird species and their seasonality index 
Scientific names provided in alphabetical order, grouped by families, each followed by the 
index obtained in Chapter 4, which measures the spatio-temporal variability of each species 
presence data from eBird. 
Accipitridae; Accipiter bicolor, 0.11; Accipiter cooperii, 0.14; Accipiter superciliosus, 0.68; Buteo albigula, 0.81; Buteo 
albonotatus, 0.65; Buteo brachyurus, 0.62; Buteo galapagoensis, 0.07; Buteo lineatus, 0.11; Buteo nitidus, 0.22; Buteo 
platypterus, 0.84; Buteo regalis, 0.46; Buteo solitarius, 0.18; Buteo swainsoni, 0.83; Buteogallus aequinoctialis, 0.33; 
Buteogallus anthracinus, 0.19; Buteogallus gundlachii, 0.51; Buteogallus meridionalis, 0.1; Buteogallus schistaceus, 
0.59; Buteogallus solitarius, 0.36; Buteogallus urubitinga, 0.27; Chondrohierax uncinatus, 0.42; Circus buffoni, 0.16; 
Circus cinereus, 0.31; Elanoides forficatus, 0.8; Gampsonyx swainsonii, 0.31; Geranoaetus albicaudatus, 0.68; 
Geranoaetus melanoleucus, 0.26; Geranoaetus polyosoma, 0.38; Geranospiza caerulescens, 0.41; Harpagus 
bidentatus, 0.52; Harpia harpyja, 0.26; Helicolestes hamatus, 0.38; Ictinia mississippiensis, 0.91; Leptodon cayanensis, 
0.57; Leucopternis semiplumbeus, 0.75; Morphnarchus princeps, 0.34; Parabuteo leucorrhous, 0.79; Pseudastur 
albicollis, 0.57; Pseudastur occidentalis, 0.24; Rostrhamus sociabilis, 0.12; Spizaetus isidori, 0.56; Spizaetus 
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melanoleucus, 0.31; Spizaetus ornatus, 0.42; Aegithalidae; Psaltriparus minimus, 0.14; Alcedinidae; Megaceryle 
torquata, 0.08; Alcidae; Synthliboramphus craveri, 1; Synthliboramphus scrippsi, 0.94; Anatidae; Anas andium, 0.57; 
Anas flavirostris, 0.15; Anas fulvigula, 0.2; Anas puna, 0.17; Anas wyvilliana, 0.07; Chloephaga hybrida, 0.69; 
Chloephaga poliocephala, 0.47; Chloephaga rubidiceps, 0.71; Dendrocygna arborea, 0.32; Heteronetta atricapilla, 0.61; 
Lophonetta specularioides, 0.18; Merganetta armata, 0.18; Nomonyx dominicus, 0.26; Oressochen jubatus, 0.63; 
Oressochen melanopterus, 0.13; Speculanas specularis, 0.5; Tachyeres patachonicus, 0.57; Tachyeres pteneres, 0.36; 
Anhimidae; Anhima cornuta, 0.27; Chauna chavaria, 0.06; Chauna torquata, 0.24; Anhinga anhinga, 0.41; Apodidae; 
Aeronautes andecolus, 0.28; Aeronautes montivagus, 0.29; Aeronautes saxatalis, 0.49; Chaetura brachyura, 0.19; 
Chaetura cinereiventris, 0.13; Chaetura egregia, 0.28; Chaetura fumosa, 0.45; Chaetura martinica, 0.31; Chaetura 
meridionalis, 0.48; Chaetura spinicaudus, 0.21; Chaetura vauxi, 0.94; Chaetura viridipennis, 0.41; Cypseloides senex, 
0.59; Panyptila cayennensis, 0.36; Panyptila sanctihieronymi, 0.46; Streptoprocne rutila, 0.3; Streptoprocne semicollaris, 
0.53; Streptoprocne zonaris, 0.62; Tachornis phoenicobia, 0.2; Aramidae; Aramus guarauna, 0.64; Ardeidae; Agamia 
agami, 0.7; Ardea cocoi, 0.1; Botaurus pinnatus, 0.67; Cochlearius cochlearius, 0.63; Egretta rufescens, 0.25; Ixobrychus 
exilis, 0.27; Ixobrychus involucris, 0.34; Pilherodius pileatus, 0.27; Syrigma sibilatrix, 0.25; Tigrisoma fasciatum, 0.24; 
Tigrisoma lineatum, 0.12; Tigrisoma mexicanum, 0.18; Zebrilus undulatus, 0.42; Bucconidae; Bucco macrodactylus, 
0.46; Hypnelus ruficollis, 0.29; Malacoptila mystacalis, 0.13; Malacoptila panamensis, 0.22; Malacoptila striata, 0.36; 
Micromonacha lanceolata, 0.31; Monasa atra, 0.54; Monasa flavirostris, 0.46; Monasa morphoeus, 0.34; Nonnula 
ruficapilla, 0.09; Notharchus hyperrhynchus, 0.62; Notharchus pectoralis, 0.81; Notharchus tectus, 0.48; Nystalus 
chacuru, 0.23; Nystalus maculatus, 0.38; Nystalus radiatus, 0.33; Burhinidae; Burhinus bistriatus, 0.48; Burhinus 
superciliaris, 0.55; Calcariidae; Calcarius ornatus, 0.92; Plectrophenax hyperboreus, 1; Rhynchophanes mccownii, 0.96; 
Capitonidae; Capito auratus, 0.16; Capito aurovirens, 0.45; Capito maculicoronatus, 0.5; Capito squamatus, 0.44; 
Eubucco bourcierii, 0.24; Eubucco richardsoni, 0.33; Eubucco versicolor, 0.23; Caprimulgidae; Antrostomus arizonae, 
0.94; Antrostomus carolinensis, 0.72; Antrostomus ridgwayi, 0.58; Antrostomus rufus, 0.48; Antrostomus saturatus, 0.51; 
Antrostomus vociferus, 0.9; Chordeiles acutipennis, 0.86; Chordeiles gundlachii, 0.41; Chordeiles nacunda, 0.42; 
Hydropsalis cayennensis, 0.4; Hydropsalis climacocerca, 0.39; Hydropsalis maculicaudus, 1; Hydropsalis torquata, 0.36; 
Lurocalis rufiventris, 0.85; Lurocalis semitorquatus, 0.17; Nyctidromus albicollis, 0.51; Nyctiphrynus ocellatus, 0.54; 
Nyctipolus nigrescens, 0.34; Nyctiprogne leucopyga, 0.53; Phalaenoptilus nuttallii, 0.43; Setopagis parvula, 0.54; 
Systellura longirostris, 0.22; Uropsalis lyra, 0.72; Uropsalis segmentata, 0.55; Cardinalidae; Amaurospiza concolor, 
0.45; Cardinalis sinuatus, 0.14; Caryothraustes canadensis, 0.34; Caryothraustes poliogaster, 0.35; Chlorothraupis 
carmioli, 0.94; Chlorothraupis stolzmanni, 0.56; Cyanocompsa brissonii, 0.59; Cyanocompsa cyanoides, 0.35; 
Cyanocompsa parellina, 0.17; Granatellus sallaei, 0.42; Granatellus venustus, 0.18; Habia atrimaxillaris, 0.2; Habia 
cristata, 0.39; Habia fuscicauda, 0.13; Habia rubica, 0.11; Passerina amoena, 0.81; Passerina caerulea, 0.6; Passerina 
leclancherii, 0.19; Passerina versicolor, 0.59; Pheucticus aureoventris, 0.28; Pheucticus chrysogaster, 0.57; Pheucticus 
chrysopeplus, 0.43; Pheucticus melanocephalus, 0.8; Pheucticus tibialis, 0.59; Piranga bidentata, 0.47; Piranga 
erythrocephala, 0.52; Piranga flava, 0.45; Piranga leucoptera, 0.37; Piranga ludoviciana, 0.87; Piranga roseogularis, 
0.18; Piranga rubra, 0.65; Rhodothraupis celaeno, 0.33; Spiza americana, 0.77; Cariamidae; Cariama cristata, 0.47; 
Cathartidae; Cathartes melambrotus, 0.37; Gymnogyps californianus, 0.33; Sarcoramphus papa, 0.39; Vultur gryphus, 
0.29; Charadriidae; Charadrius alticola, 0.61; Charadrius collaris, 0.26; Charadrius falklandicus, 0.3; Charadrius 
melodus, 0.8; Charadrius modestus, 0.7; Charadrius montanus, 0.9; Oreopholus ruficollis, 0.62; Phegornis mitchellii, 
0.39; Vanellus cayanus, 0.39; Vanellus chilensis, 0.07; Vanellus resplendens, 0.2; Ciconiidae; Ciconia maguari, 0.66; 
Jabiru mycteria, 0.18; Mycteria americana, 0.46; Cinclidae; Cinclus leucocephalus, 0.3; Cinclus mexicanus, 0.56; 
Columbidae; Claravis pretiosa, 0.39; Columbina buckleyi, 0.27; Columbina cruziana, 0.2; Columbina inca, 0.31; 
Columbina minuta, 0.21; Columbina passerina, 0.15; Columbina picui, 0.38; Columbina squammata, 0.11; Columbina 
talpacoti, 0.36; Geotrygon chrysia, 0.15; Geotrygon montana, 0.36; Geotrygon mystacea, 0.57; Leptotila cassinii, 0.32; 
Leptotila jamaicensis, 0.26; Leptotila megalura, 0.54; Leptotila pallida, 0.25; Leptotila plumbeiceps, 0.34; Leptotila 
rufaxilla, 0.24; Leptotrygon veraguensis, 0.31; Metriopelia aymara, 0.41; Metriopelia ceciliae, 0.28; Metriopelia 
melanoptera, 0.65; Patagioenas araucana, 0.32; Patagioenas caribaea, 0.48; Patagioenas cayennensis, 0.41; 
Patagioenas corensis, 0.43; Patagioenas fasciata, 0.78; Patagioenas flavirostris, 0.03; Patagioenas goodsoni, 0.5; 
Patagioenas inornata, 0.54; Patagioenas leucocephala, 0.13; Patagioenas maculosa, 0.33; Patagioenas nigrirostris, 
0.18; Patagioenas picazuro, 0.14; Patagioenas speciosa, 0.42; Patagioenas squamosa, 0.25; Zenaida asiatica, 0.2; 
Zenaida auriculata, 0.2; Zenaida aurita, 0.5; Zenaida galapagoensis, 0.09; Zenaida meloda, 0.22; Zentrygon albifacies, 
0.48; Zentrygon chiriquensis, 0.32; Zentrygon costaricensis, 0.5; Zentrygon frenata, 0.76; Zentrygon lawrencii, 0.57; 
Zentrygon linearis, 0.18; Conopophagidae; Conopophaga lineata, 0.55; Conopophaga melanops, 0.58; Corvidae; 
Aphelocoma californica, 0.2; Aphelocoma coerulescens, 0.18; Aphelocoma insularis, 0.2; Aphelocoma ultramarina, 0.23; 
Aphelocoma unicolor, 0.68; Aphelocoma wollweberi, 0.27; Calocitta colliei, 0.53; Calocitta formosa, 0.21; Corvus 
caurinus, 0.69; Corvus cryptoleucus, 0.1; Corvus imparatus, 0.38; Corvus jamaicensis, 0.22; Corvus leucognaphalus, 
0.16; Corvus nasicus, 0.26; Corvus ossifragus, 0.16; Corvus sinaloae, 0.5; Cyanocitta cristata, 0.08; Cyanocitta stelleri, 
0.08; Cyanocorax affinis, 0.2; Cyanocorax beecheii, 0.33; Cyanocorax caeruleus, 0.59; Cyanocorax chrysops, 0.22; 
Cyanocorax cristatellus, 0.41; Cyanocorax cyanomelas, 0.19; Cyanocorax melanocyaneus, 0.08; Cyanocorax 
mystacalis, 0.51; Cyanocorax sanblasianus, 0.48; Cyanocorax violaceus, 0.61; Cyanocorax yucatanicus, 0.12; 
Cyanolyca armillata, 0.2; Cyanolyca cucullata, 0.29; Cyanolyca pulchra, 0.84; Cyanolyca pumilo, 0.33; Cyanolyca 
turcosa, 0.34; Cyanolyca viridicyanus, 0.5; Gymnorhinus cyanocephalus, 0.12; Nucifraga columbiana, 0.14; Psilorhinus 
morio, 0.33; Cotingidae; Ampelioides tschudii, 0.7; Ampelion rubrocristatus, 0.38; Ampelion rufaxilla, 0.21; Carpodectes 
nitidus, 0.69; Carpornis cucullata, 0.36; Cotinga cayana, 0.28; Cotinga nattererii, 0.78; Cotinga ridgwayi, 0.45; 
Gymnoderus foetidus, 0.33; Lipaugus fuscocinereus, 0.67; Lipaugus unirufus, 0.46; Lipaugus vociferans, 0.21; 
Phytotoma rara, 0.7; Phytotoma rutila, 0.29; Pipreola arcuata, 0.26; Pipreola aureopectus, 0.46; Pipreola jucunda, 0.56; 
Pipreola riefferii, 0.28; Procnias averano, 0.9; Procnias nudicollis, 0.58; Procnias tricarunculatus, 0.46; Pyroderus 
scutatus, 0.28; Querula purpurata, 0.32; Rupicola peruvianus, 0.33; Snowornis cryptolophus, 0.88; Xipholena punicea, 
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0.43; Cracidae; Aburria aburri, 0.7; Chamaepetes goudotii, 0.48; Chamaepetes unicolor, 0.51; Crax fasciolata, 0.32; 
Crax rubra, 0.44; Mitu tuberosum, 0.47; Ortalis canicollis, 0.29; Ortalis cinereiceps, 0.33; Ortalis columbiana, 0.24; Ortalis 
erythroptera, 0.24; Ortalis guttata, 0.34; Ortalis leucogastra, 0.35; Ortalis motmot, 0.66; Ortalis poliocephala, 0.17; Ortalis 
ruficauda, 0.51; Ortalis wagleri, 0.51; Penelope argyrotis, 0.44; Penelope jacquacu, 0.35; Penelope montagnii, 0.3; 
Penelope obscura, 0.26; Penelope perspicax, 0.57; Penelope purpurascens, 0.44; Penelope superciliaris, 0.32; 
Penelopina nigra, 0.45; Pipile cujubi, 0.64; Pipile cumanensis, 0.64; Cuculidae; Coccycua pumila, 0.25; Coccyzus 
longirostris, 0.15; Coccyzus melacoryphus, 0.46; Coccyzus merlini, 0.56; Coccyzus minor, 0.25; Coccyzus pluvialis, 0.25; 
Coccyzus vetula, 0.17; Coccyzus vieilloti, 0.12; Crotophaga ani, 0.1; Crotophaga major, 0.38; Crotophaga sulcirostris, 
0.33; Dromococcyx pavoninus, 0.35; Dromococcyx phasianellus, 0.91; Geococcyx californianus, 0.12; Geococcyx velox, 
0.35; Guira guira, 0.36; Morococcyx erythropygus, 0.37; Piaya cayana, 0.34; Piaya melanogaster, 0.37; Tapera naevia, 
0.21; Diomedeidae; Phoebastria irrorata, 0.37; Donacobiidae; Donacobius atricapilla, 0.12; Dulidae; Dulus dominicus, 
0.18; Emberizidae; Aimophila rufescens, 0.23; Aimophila ruficeps, 0.17; Ammodramus aurifrons, 0.28; Ammodramus 
bairdii, 1; Ammodramus caudacutus, 0.93; Ammodramus henslowii, 0.83; Ammodramus humeralis, 0.13; Ammodramus 
leconteii, 0.74; Ammodramus maritimus, 0.43; Ammodramus nelsoni, 0.54; Ammodramus savannarum, 0.31; 
Amphispiza bilineata, 0.25; Amphispiza quinquestriata, 1; Arremon abeillei, 0.21; Arremon assimilis, 0.77; Arremon 
aurantiirostris, 0.17; Arremon basilicus, 0.63; Arremon brunneinucha, 0.3; Arremon castaneiceps, 0.84; Arremon 
crassirostris, 0.43; Arremon flavirostris, 0.22; Arremon schlegeli, 0.54; Arremon taciturnus, 0.15; Arremon torquatus, 0.3; 
Arremon virenticeps, 0.17; Arremonops chloronotus, 0.2; Arremonops conirostris, 0.23; Arremonops rufivirgatus, 0.17; 
Artemisiospiza belli, 0.32; Atlapetes albiceps, 0.34; Atlapetes albinucha, 0.22; Atlapetes albofrenatus, 0.11; Atlapetes 
fulviceps, 0.92; Atlapetes latinuchus, 0.53; Atlapetes leucopterus, 0.39; Atlapetes melanocephalus, 0.57; Atlapetes 
melanolaemus, 0.9; Atlapetes pallidinucha, 0.28; Atlapetes pileatus, 0.06; Atlapetes schistaceus, 0.25; Atlapetes 
semirufus, 0.17; Atlapetes tricolor, 0.3; Calamospiza melanocorys, 0.64; Chlorospingus canigularis, 0.27; Chlorospingus 
flavigularis, 0.71; Chlorospingus flavopectus, 0.44; Chlorospingus parvirostris, 0.27; Chlorospingus pileatus, 0.58; 
Chlorospingus semifuscus, 0.89; Junco phaeonotus, 0.26; Junco vulcani, 0.37; Melospiza georgiana, 0.46; Melozone 
aberti, 0.19; Melozone albicollis, 0.9; Melozone biarcuata, 0.39; Melozone fusca, 0.14; Melozone kieneri, 0.48; Melozone 
leucotis, 0.24; Oriturus superciliosus, 0.8; Peucaea aestivalis, 0.45; Peucaea botterii, 0.74; Peucaea carpalis, 0.13; 
Peucaea humeralis, 0.34; Peucaea mystacalis, 0.65; Peucaea ruficauda, 0.14; Pezopetes capitalis, 0.55; Pipilo 
chlorurus, 0.72; Pipilo erythrophthalmus, 0.22; Pipilo maculatus, 0.44; Pipilo ocai, 0.31; Pooecetes gramineus, 0.35; 
Pselliophorus tibialis, 0.47; Rhynchospiza stolzmanni, 0.52; Rhynchospiza strigiceps, 0.49; Spizella atrogularis, 0.48; 
Spizella breweri, 0.74; Spizella pallida, 0.5; Spizella passerina, 0.48; Spizella pusilla, 0.35; Spizelloides arborea, 0.9; 
Zonotrichia capensis, 0.38; Zonotrichia querula, 0.61; Eurypyga helias, 0.33; Falconidae; Caracara cheriway, 0.33; 
Caracara plancus, 0.14; Falco femoralis, 0.21; Falco mexicanus, 0.43; Falco rufigularis, 0.3; Falco sparverius, 0.22; 
Herpetotheres cachinnans, 0.44; Ibycter americanus, 0.28; Micrastur gilvicollis, 0.41; Micrastur mirandollei, 0.33; 
Micrastur ruficollis, 0.23; Micrastur semitorquatus, 0.65; Milvago chimango, 0.12; Phalcoboenus carunculatus, 0.57; 
Phalcoboenus megalopterus, 0.31; Spiziapteryx circumcincta, 0.4; Formicariidae; Chamaeza campanisona, 0.14; 
Chamaeza mollissima, 0.41; Chamaeza nobilis, 0.79; Formicarius analis, 0.44; Formicarius nigricapillus, 0.35; 
Formicarius rufipectus, 0.84; Fringillidae; Chlorodrepanis flava, 0.7; Chlorodrepanis stejnegeri, 0.56; Chlorodrepanis 
virens, 0.52; Chlorophonia callophrys, 0.58; Chlorophonia cyanea, 0.15; Chlorophonia flavirostris, 0.74; Chlorophonia 
occipitalis, 0.22; Chlorophonia pyrrhophrys, 0.67; Coccothraustes abeillei, 0.25; Coccothraustes vespertinus, 0.15; 
Drepanis coccinea, 0.75; Euphonia affinis, 0.07; Euphonia anneae, 0.4; Euphonia chlorotica, 0.25; Euphonia 
chrysopasta, 0.44; Euphonia cyanocephala, 0.78; Euphonia elegantissima, 0.24; Euphonia fulvicrissa, 0.61; Euphonia 
gouldi, 0.11; Euphonia hirundinacea, 0.19; Euphonia imitans, 0.39; Euphonia jamaica, 0.32; Euphonia laniirostris, 0.65; 
Euphonia luteicapilla, 0.21; Euphonia mesochrysa, 0.53; Euphonia minuta, 0.45; Euphonia musica, 0.71; Euphonia 
pectoralis, 0.3; Euphonia plumbea, 0.78; Euphonia rufiventris, 0.36; Euphonia saturata, 0.24; Euphonia trinitatis, 0.36; 
Euphonia violacea, 0.1; Euphonia xanthogaster, 0.36; Haemorhous cassinii, 0.4; Haemorhous purpureus, 0.21; 
Hemignathus wilsoni, 0.45; Himatione sanguinea, 0.42; Leucosticte atrata, 0.59; Leucosticte australis, 0.58; Loxioides 
bailleui, 0.79; Loxops coccineus, 0.96; Loxops mana, 0.93; Magumma parva, 0.67; Paroreomyza montana, 0.94; Spinus 
atratus, 0.53; Spinus barbatus, 0.36; Spinus dominicensis, 0.36; Spinus lawrencei, 0.65; Spinus olivaceus, 0.61; Spinus 
pinus, 0.37; Spinus spinescens, 0.22; Spinus tristis, 0.15; Spinus uropygialis, 0.65; Spinus xanthogastrus, 0.67; 
Furnariidae; Anabacerthia lichtensteini, 0.39; Anabacerthia ruficaudata, 0.4; Anabacerthia striaticollis, 0.68; 
Anabacerthia variegaticeps, 0.27; Anabazenops dorsalis, 0.02; Anabazenops fuscus, 0.66; Ancistrops strigilatus, 0.41; 
Anumbius annumbi, 0.27; Aphrastura spinicauda, 0.37; Asthenes anthoides, 0.33; Asthenes baeri, 0.2; Asthenes 
dorbignyi, 0.31; Asthenes flammulata, 0.25; Asthenes fuliginosa, 0.5; Asthenes humilis, 0.33; Asthenes modesta, 0.51; 
Asthenes ottonis, 0.8; Asthenes pudibunda, 0.42; Asthenes pyrrholeuca, 0.63; Asthenes wyatti, 0.68; Automolus 
infuscatus, 0.41; Automolus leucophthalmus, 0.31; Automolus ochrolaemus, 0.44; Automolus rufipileatus, 0.54; 
Automolus subulatus, 0.6; Berlepschia rikeri, 0.44; Campylorhamphus pusillus, 0.3; Campylorhamphus trochilirostris, 
0.23; Certhiaxis cinnamomeus, 0.07; Cichlocolaptes leucophrus, 0.79; Cinclodes albidiventris, 0.67; Cinclodes 
albiventris, 0.21; Cinclodes atacamensis, 0.52; Cinclodes excelsior, 0.44; Cinclodes fuscus, 0.52; Cinclodes 
nigrofumosus, 0.4; Cinclodes oustaleti, 0.63; Cinclodes patagonicus, 0.51; Cinclodes taczanowskii, 0.91; Clibanornis 
rubiginosus, 0.58; Coryphistera alaudina, 0.23; Cranioleuca albicapilla, 0.36; Cranioleuca antisiensis, 0.65; Cranioleuca 
baroni, 0.36; Cranioleuca curtata, 0.37; Cranioleuca erythrops, 0.33; Cranioleuca gutturata, 0.11; Cranioleuca hellmayri, 
0.94; Cranioleuca pallida, 0.72; Cranioleuca pyrrhophia, 0.26; Cranioleuca subcristata, 0.51; Cranioleuca sulphurifera, 
0.75; Deconychura longicauda, 0.33; Dendrexetastes rufigula, 0.35; Dendrocincla anabatina, 0.18; Dendrocincla 
fuliginosa, 0.51; Dendrocincla homochroa, 0.2; Dendrocincla merula, 0.22; Dendrocincla turdina, 0.29; Dendrocincla 
tyrannina, 0.79; Dendrocolaptes picumnus, 0.29; Dendrocolaptes platyrostris, 0.23; Dendrocolaptes sanctithomae, 0.48; 
Dendroplex picus, 0.07; Drymornis bridgesii, 0.15; Furnarius cristatus, 0.28; Furnarius figulus, 0.52; Furnarius rufus, 
0.15; Geositta cunicularia, 0.27; Geositta peruviana, 0.78; Geositta punensis, 0.38; Geositta rufipennis, 0.24; Geositta 
tenuirostris, 0.54; Glyphorynchus spirurus, 0.42; Heliobletus contaminatus, 0.55; Hellmayrea gularis, 0.71; 
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Lepidocolaptes affinis, 0.25; Lepidocolaptes angustirostris, 0.45; Lepidocolaptes falcinellus, 0.22; Lepidocolaptes 
lacrymiger, 0.52; Lepidocolaptes leucogaster, 0.3; Lepidocolaptes souleyetii, 0.21; Lepidocolaptes squamatus, 0.62; 
Leptasthenura aegithaloides, 0.18; Leptasthenura andicola, 0.69; Leptasthenura fuliginiceps, 0.31; Leptasthenura 
pileata, 0.74; Leptasthenura platensis, 0.12; Leptasthenura setaria, 0.23; Leptasthenura striata, 0.41; Leptasthenura 
yanacensis, 0.84; Limnornis curvirostris, 0.73; Lochmias nematura, 0.23; Margarornis rubiginosus, 0.44; Margarornis 
squamiger, 0.22; Metopothrix aurantiaca, 0.78; Nasica longirostris, 0.36; Ochetorhynchus melanurus, 0.37; 
Ochetorhynchus ruficaudus, 0.1; Phacellodomus erythrophthalmus, 0.7; Phacellodomus ruber, 0.26; Phacellodomus 
rufifrons, 0.08; Phacellodomus sibilatrix, 0.21; Phacellodomus striaticeps, 0.32; Phacellodomus striaticollis, 0.35; Philydor 
atricapillus, 0.51; Philydor erythrocercum, 0.4; Philydor erythropterum, 0.47; Philydor rufum, 0.23; Phleocryptes 
melanops, 0.13; Premnoplex brunnescens, 0.67; Premnornis guttuliger, 0.71; Pseudasthenes humicola, 0.23; 
Pseudocolaptes boissonneautii, 0.33; Pseudocolaptes lawrencii, 0.11; Pseudoseisura lophotes, 0.28; Pseudoseisura 
unirufa, 0.42; Pygarrhichas albogularis, 0.65; Schoeniophylax phryganophilus, 0.23; Sclerurus albigularis, 0.92; 
Sclerurus caudacutus, 0.3; Sclerurus guatemalensis, 0.6; Sclerurus mexicanus, 0.82; Sclerurus scansor, 0.6; Sittasomus 
griseicapillus, 0.12; Sylviorthorhynchus desmursii, 0.3; Synallaxis albescens, 0.19; Synallaxis albigularis, 0.34; Synallaxis 
albilora, 0.58; Synallaxis azarae, 0.3; Synallaxis brachyura, 0.2; Synallaxis candei, 0.64; Synallaxis cinerascens, 0.46; 
Synallaxis cinnamomea, 0.68; Synallaxis erythrothorax, 0.14; Synallaxis frontalis, 0.37; Synallaxis fuscorufa, 0.28; 
Synallaxis gujanensis, 0.33; Synallaxis ruficapilla, 0.18; Synallaxis scutata, 0.37; Synallaxis spixi, 0.14; Synallaxis 
stictothorax, 0.42; Synallaxis subpudica, 0.55; Synallaxis unirufa, 0.51; Syndactyla rufosuperciliata, 0.19; Syndactyla 
subalaris, 0.36; Tarphonomus certhioides, 0.23; Thripadectes holostictus, 0.27; Thripadectes ignobilis, 0.64; 
Thripadectes melanorhynchus, 0.85; Thripadectes rufobrunneus, 0.5; Thripadectes virgaticeps, 0.79; Upucerthia 
dumetaria, 0.44; Xenops minutus, 0.59; Xenops rutilans, 0.19; Xiphocolaptes albicollis, 0.57; Xiphocolaptes major, 0.24; 
Xiphocolaptes promeropirhynchus, 0.27; Xiphorhynchus elegans, 0.39; Xiphorhynchus erythropygius, 0.2; 
Xiphorhynchus flavigaster, 0.15; Xiphorhynchus fuscus, 0.42; Xiphorhynchus guttatus, 0.37; Xiphorhynchus 
lachrymosus, 0.43; Xiphorhynchus obsoletus, 0.43; Xiphorhynchus ocellatus, 0.43; Xiphorhynchus pardalotus, 0.62; 
Xiphorhynchus susurrans, 0.07; Xiphorhynchus triangularis, 0.4; Galbulidae; Brachygalba lugubris, 0.4; Galbula 
albirostris, 0.26; Galbula chalcothorax, 0.07; Galbula cyanescens, 0.19; Galbula dea, 0.34; Galbula galbula, 0.39; 
Galbula pastazae, 0.72; Galbula ruficauda, 0.14; Jacamerops aureus, 0.23; Grallariidae; Grallaria alleni, 0.17; Grallaria 
andicolus, 0.49; Grallaria bangsi, 0.34; Grallaria flavotincta, 0.54; Grallaria gigantea, 0.96; Grallaria guatimalensis, 0.38; 
Grallaria haplonota, 0.68; Grallaria hypoleuca, 0.94; Grallaria nuchalis, 0.26; Grallaria quitensis, 0.21; Grallaria 
ruficapilla, 0.37; Grallaria rufula, 0.6; Grallaria squamigera, 0.8; Grallaria varia, 0.13; Grallaria watkinsi, 0.03; Grallaricula 
ferrugineipectus, 0.56; Grallaricula flavirostris, 0.41; Grallaricula nana, 0.88; Hylopezus berlepschi, 0.48; Hylopezus 
dives, 0.47; Hylopezus nattereri, 0.22; Hylopezus perspicillatus, 0.54; Myrmothera campanisona, 0.4; Gruidae; Grus 
americana, 0.6; Haematopodidae; Haematopus ater, 0.33; Haematopus leucopodus, 0.55; Haematopus palliatus, 0.65; 
Heliornis fulica, 0.7; Hirundinidae; Alopochelidon fucata, 0.53; Atticora fasciata, 0.4; Atticora pileata, 0.19; Atticora 
tibialis, 0.31; Orochelidon andecola, 0.43; Orochelidon flavipes, 0.48; Orochelidon murina, 0.3; Petrochelidon fulva, 0.18; 
Petrochelidon rufocollaris, 0.44; Progne dominicensis, 0.4; Progne elegans, 0.75; Pygochelidon cyanoleuca, 0.13; 
Pygochelidon melanoleuca, 0.74; Stelgidopteryx serripennis, 0.41; Tachycineta albilinea, 0.41; Tachycineta 
cyaneoviridis, 0.38; Tachycineta leucorrhoa, 0.44; Tachycineta meyeni, 0.5; Tachycineta thalassina, 0.65; 
Hydrobatidae; Oceanites gracilis, 0.74; Oceanodroma homochroa, 0.67; Oceanodroma melania, 0.97; Oceanodroma 
microsoma, 0.9; Oceanodroma tethys, 0.87; Icteridae; Agelaioides badius, 0.15; Agelaius humeralis, 0.61; Agelaius 
tricolor, 0.45; Agelaius xanthomus, 0.96; Agelasticus cyanopus, 0.25; Agelasticus thilius, 0.22; Amblycercus 
holosericeus, 0.32; Amblyramphus holosericeus, 0.3; Cacicus chrysonotus, 0.29; Cacicus chrysopterus, 0.29; Cacicus 
haemorrhous, 0.39; Cacicus oseryi, 0.25; Cacicus solitarius, 0.26; Cacicus uropygialis, 0.35; Cassiculus melanicterus, 
0.36; Chrysomus icterocephalus, 0.22; Chrysomus ruficapillus, 0.42; Curaeus curaeus, 0.56; Dives atroviolaceus, 0.53; 
Dives dives, 0.05; Dives warszewiczi, 0.34; Euphagus carolinus, 0.73; Euphagus cyanocephalus, 0.48; Gnorimopsar 
chopi, 0.14; Hypopyrrhus pyrohypogaster, 0.86; Icterus abeillei, 0.32; Icterus auratus, 0.19; Icterus auricapillus, 0.38; 
Icterus bullockii, 0.73; Icterus cayanensis, 0.26; Icterus chrysater, 0.17; Icterus croconotus, 0.4; Icterus dominicensis, 
0.17; Icterus graceannae, 0.48; Icterus graduacauda, 0.25; Icterus gularis, 0.26; Icterus icterus, 0.52; Icterus jamacaii, 
0.16; Icterus leucopteryx, 0.33; Icterus maculialatus, 0.35; Icterus melanopsis, 0.44; Icterus mesomelas, 0.3; Icterus 
nigrogularis, 0.11; Icterus oberi, 0.32; Icterus parisorum, 0.73; Icterus pectoralis, 0.3; Icterus portoricensis, 0.08; Icterus 
prosthemelas, 0.14; Icterus pustulatus, 0.55; Icterus pyrrhopterus, 0.12; Icterus spurius, 0.73; Icterus wagleri, 0.25; 
Lampropsar tanagrinus, 0.54; Molothrus aeneus, 0.23; Molothrus bonariensis, 0.28; Molothrus oryzivorus, 0.55; 
Molothrus rufoaxillaris, 0.35; Psarocolius atrovirens, 0.62; Psarocolius bifasciatus, 0.3; Psarocolius decumanus, 0.36; 
Psarocolius montezuma, 0.16; Psarocolius viridis, 0.35; Psarocolius wagleri, 0.42; Pseudoleistes guirahuro, 0.24; 
Pseudoleistes virescens, 0.1; Quiscalus lugubris, 0.34; Quiscalus major, 0.24; Quiscalus nicaraguensis, 0.8; Quiscalus 
niger, 0.51; Quiscalus quiscula, 0.47; Sturnella bellicosa, 0.25; Sturnella loyca, 0.11; Sturnella magna, 0.45; Sturnella 
militaris, 0.43; Sturnella neglecta, 0.25; Sturnella superciliaris, 0.47; Xanthocephalus xanthocephalus, 0.4; Jacanidae; 
Jacana jacana, 0.08; Jacana spinosa, 0.24; Laniidae; Lanius ludovicianus, 0.11; Laridae; Chroicocephalus serranus, 
0.18; Creagrus furcatus, 0.6; Larus atlanticus, 0.55; Larus belcheri, 0.61; Larus heermanni, 0.67; Larus livens, 0.52; 
Larus occidentalis, 0.26; Leucophaeus fuliginosus, 0.09; Leucophaeus modestus, 0.49; Leucophaeus scoresbii, 0.55; 
Phaetusa simplex, 0.17; Rynchops niger, 0.58; Sterna hirundinacea, 0.81; Sterna trudeaui, 0.28; Sternula lorata, 0.58; 
Sternula superciliaris, 0.13; Melanopareiidae; Melanopareia elegans, 0.29; Melanopareia maximiliani, 0.17; Mimidae; 
Allenia fusca, 0.33; Cinclocerthia ruficauda, 0.75; Margarops fuscatus, 0.45; Melanoptila glabrirostris, 0.14; Melanotis 
caerulescens, 0.56; Melanotis hypoleucus, 0.2; Mimus dorsalis, 0.23; Mimus gilvus, 0.08; Mimus gundlachii, 0.69; Mimus 
longicaudatus, 0.43; Mimus macdonaldi, 0.5; Mimus melanotis, 0.32; Mimus parvulus, 0.12; Mimus patagonicus, 0.18; 
Mimus saturninus, 0.24; Mimus thenca, 0.16; Mimus triurus, 0.44; Oreoscoptes montanus, 0.67; Toxostoma bendirei, 
0.65; Toxostoma cinereum, 0.32; Toxostoma crissale, 0.35; Toxostoma curvirostre, 0.09; Toxostoma lecontei, 0.33; 
Toxostoma longirostre, 0.2; Toxostoma redivivum, 0.11; Toxostoma rufum, 0.4; Momotidae; Aspatha gularis, 0.12; 
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Baryphthengus martii, 0.7; Baryphthengus ruficapillus, 0.35; Electron carinatum, 0.27; Electron platyrhynchum, 0.71; 
Eumomota superciliosa, 0.1; Hylomanes momotula, 0.4; Momotus aequatorialis, 0.4; Momotus bahamensis, 0.58; 
Momotus coeruliceps, 0.14; Momotus mexicanus, 0.24; Momotus momota, 0.3; Momotus subrufescens, 0.56; 
Monarchidae; Chasiempis sandwichensis, 0.79; Chasiempis sclateri, 0.53; Anthus bogotensis, 0.34; Anthus correndera, 
0.42; Anthus furcatus, 0.41; Anthus hellmayri, 0.32; Anthus lutescens, 0.4; Anthus spragueii, 1; Nyctibiidae; Nyctibius 
grandis, 0.6; Nyctibius griseus, 0.37; Nyctibius jamaicensis, 0.13; Odontophoridae; Callipepla douglasii, 0.36; Callipepla 
gambelii, 0.19; Callipepla squamata, 0.34; Colinus cristatus, 0.32; Colinus nigrogularis, 0.34; Cyrtonyx montezumae, 
0.44; Dactylortyx thoracicus, 0.14; Dendrortyx leucophrys, 0.11; Dendrortyx macroura, 0.32; Odontophorus atrifrons, 
0.99; Odontophorus capueira, 0.75; Odontophorus erythrops, 0.14; Odontophorus gujanensis, 0.56; Odontophorus 
guttatus, 0.48; Odontophorus hyperythrus, 0.21; Odontophorus leucolaemus, 0.43; Odontophorus melanonotus, 0.41; 
Odontophorus speciosus, 0.31; Odontophorus stellatus, 0.86; Oreortyx pictus, 0.3; Philortyx fasciatus, 0.39; 
Opisthocomidae; Opisthocomus hoazin, 0.29; Oxyruncidae; Oxyruncus cristatus, 0.27; Paradoxornithidae; Chamaea 
fasciata, 0.17; Paridae; Baeolophus atricristatus, 0.29; Baeolophus bicolor, 0.07; Baeolophus inornatus, 0.07; 
Baeolophus ridgwayi, 0.22; Baeolophus wollweberi, 0.15; Poecile atricapillus, 0.19; Poecile carolinensis, 0.05; Poecile 
gambeli, 0.11; Poecile hudsonicus, 0.16; Poecile rufescens, 0.17; Poecile sclateri, 0.31; Parulidae; Basileuterus belli, 
0.24; Basileuterus culicivorus, 0.15; Basileuterus melanogenys, 0.42; Basileuterus rufifrons, 0.23; Basileuterus 
trifasciatus, 0.66; Basileuterus tristriatus, 0.48; Cardellina rubra, 0.09; Cardellina rubrifrons, 1; Cardellina versicolor, 0.52; 
Geothlypis aequinoctialis, 0.14; Geothlypis beldingi, 0.82; Geothlypis formosa, 1; Geothlypis nelsoni, 0.43; Geothlypis 
philadelphia, 1; Geothlypis poliocephala, 0.51; Geothlypis rostrata, 0.47; Geothlypis semiflava, 0.29; Geothlypis tolmiei, 
0.97; Helmitheros vermivorum, 0.79; Icteria virens, 0.34; Limnothlypis swainsonii, 0.96; Microligea palustris, 0.25; 
Myioborus brunniceps, 0.3; Myioborus flavivertex, 0.12; Myioborus melanocephalus, 0.29; Myioborus miniatus, 0.15; 
Myioborus ornatus, 0.35; Myioborus pictus, 0.64; Myioborus torquatus, 0.58; Myiothlypis bivittata, 0.79; Myiothlypis 
chrysogaster, 0.44; Myiothlypis conspicillata, 0.39; Myiothlypis coronata, 0.44; Myiothlypis flaveola, 0.31; Myiothlypis 
fraseri, 0.47; Myiothlypis fulvicauda, 0.52; Myiothlypis leucoblephara, 0.14; Myiothlypis luteoviridis, 0.25; Myiothlypis 
nigrocristata, 0.5; Myiothlypis rivularis, 0.55; Oporornis agilis, 0.65; Oreothlypis celata, 0.51; Oreothlypis crissalis, 1; 
Oreothlypis gutturalis, 0.66; Oreothlypis luciae, 0.82; Oreothlypis peregrina, 0.92; Oreothlypis ruficapilla, 0.43; 
Oreothlypis superciliosa, 0.17; Oreothlypis virginiae, 0.87; Parkesia motacilla, 0.83; Protonotaria citrea, 0.94; Setophaga 
adelaidae, 0.06; Setophaga angelae, 0.81; Setophaga castanea, 0.71; Setophaga chrysoparia, 1; Setophaga citrina, 
0.82; Setophaga discolor, 0.69; Setophaga dominica, 0.69; Setophaga fusca, 1; Setophaga graciae, 0.62; Setophaga 
kirtlandii, 0.76; Setophaga nigrescens, 0.77; Setophaga occidentalis, 0.88; Setophaga pensylvanica, 0.93; Setophaga 
pharetra, 0.07; Setophaga pinus, 0.46; Setophaga pitiayumi, 0.24; Setophaga pityophila, 0.43; Setophaga plumbea, 
0.28; Setophaga townsendi, 0.55; Setophaga vitellina, 0.31; Teretistris fernandinae, 0.5; Teretistris fornsi, 0.3; Zeledonia 
coronata, 0.57; Pelecanidae; Pelecanus occidentalis, 0.23; Pelecanus thagus, 0.41; Pelecanoididae; Pelecanoides 
garnotii, 0.63; Pelecanoides magellani, 0.28; Peucedramidae; Peucedramus taeniatus, 0.24; Phalacrocoracidae; 
Phalacrocorax atriceps, 0.49; Phalacrocorax bougainvillii, 0.29; Phalacrocorax brasilianus, 0.09; Phalacrocorax harrisi, 
0.54; Phalacrocorax magellanicus, 0.54; Phalacrocorax penicillatus, 0.34; Phasianidae; Bonasa umbellus, 0.12; 
Centrocercus urophasianus, 0.23; Dendragapus fuliginosus, 0.4; Dendragapus obscurus, 0.32; Falcipennis canadensis, 
0.22; Lagopus leucura, 0.35; Meleagris ocellata, 0.71; Tympanuchus cupido, 0.45; Tympanuchus pallidicinctus, 0.27; 
Tympanuchus phasianellus, 0.29; Phoenicopteridae; Phoenicoparrus andinus, 0.35; Phoenicoparrus jamesi, 0.46; 
Picidae; Campephilus gayaquilensis, 0.49; Campephilus guatemalensis, 0.1; Campephilus haematogaster, 0.5; 
Campephilus leucopogon, 0.42; Campephilus magellanicus, 0.27; Campephilus pollens, 0.62; Campephilus robustus, 
0.24; Campephilus rubricollis, 0.23; Celeus castaneus, 0.17; Celeus flavescens, 0.55; Celeus flavus, 0.28; Celeus 
grammicus, 0.25; Celeus loricatus, 0.39; Celeus lugubris, 0.52; Celeus torquatus, 0.34; Colaptes atricollis, 0.48; Colaptes 
auratus, 0.36; Colaptes auricularis, 0.2; Colaptes campestris, 0.14; Colaptes chrysoides, 0.16; Colaptes melanochloros, 
0.06; Colaptes pitius, 0.23; Colaptes rivolii, 0.41; Colaptes rubiginosus, 0.32; Colaptes rupicola, 0.42; Dryocopus 
pileatus, 0.21; Melanerpes aurifrons, 0.04; Melanerpes cactorum, 0.34; Melanerpes candidus, 0.35; Melanerpes 
carolinus, 0.07; Melanerpes chrysauchen, 0.2; Melanerpes chrysogenys, 0.42; Melanerpes cruentatus, 0.31; Melanerpes 
formicivorus, 0.53; Melanerpes herminieri, 0.14; Melanerpes hoffmannii, 0.13; Melanerpes hypopolius, 0.56; Melanerpes 
lewis, 0.34; Melanerpes portoricensis, 0.09; Melanerpes pucherani, 0.28; Melanerpes pygmaeus, 0.11; Melanerpes 
radiolatus, 0.26; Melanerpes rubricapillus, 0.41; Melanerpes striatus, 0.17; Melanerpes superciliaris, 0.39; Melanerpes 
uropygialis, 0.52; Nesoctites micromegas, 0.36; Picoides albolarvatus, 0.2; Picoides arcticus, 0.15; Picoides arizonae, 
0.93; Picoides borealis, 0.3; Picoides dorsalis, 0.25; Picoides fumigatus, 0.14; Picoides nuttallii, 0.17; Picoides 
pubescens, 0.07; Picoides scalaris, 0.1; Picoides villosus, 0.11; Piculus aurulentus, 0.51; Piculus chrysochloros, 0.2; 
Piculus flavigula, 0.12; Piculus simplex, 0.44; Picumnus albosquamatus, 0.3; Picumnus aurifrons, 0.25; Picumnus 
cinnamomeus, 0.12; Picumnus cirratus, 0.15; Picumnus dorbignyanus, 0.77; Picumnus exilis, 0.54; Picumnus 
granadensis, 0.6; Picumnus lafresnayi, 0.79; Picumnus olivaceus, 0.2; Picumnus sclateri, 0.18; Picumnus squamulatus, 
0.2; Picumnus temminckii, 0.24; Sphyrapicus nuchalis, 0.6; Sphyrapicus ruber, 0.52; Sphyrapicus thyroideus, 0.41; 
Veniliornis affinis, 0.48; Veniliornis callonotus, 0.18; Veniliornis dignus, 0.64; Veniliornis kirkii, 0.09; Veniliornis lignarius, 
0.55; Veniliornis mixtus, 0.35; Veniliornis nigriceps, 0.5; Veniliornis passerinus, 0.44; Veniliornis spilogaster, 0.23; 
Xiphidiopicus percussus, 0.12; Pipridae; Antilophia galeata, 0.5; Ceratopipra chloromeros, 0.76; Ceratopipra mentalis, 
0.35; Ceratopipra rubrocapilla, 0.38; Chiroxiphia boliviana, 0.74; Chiroxiphia caudata, 0.33; Chiroxiphia lanceolata, 0.22; 
Chiroxiphia linearis, 0.22; Chiroxiphia pareola, 0.22; Corapipo altera, 0.64; Corapipo gutturalis, 0.68; Dixiphia pipra, 0.3; 
Ilicura militaris, 0.69; Machaeropterus deliciosus, 0.67; Machaeropterus pyrocephalus, 0.31; Machaeropterus regulus, 
0.72; Manacus aurantiacus, 0.19; Manacus candei, 0.21; Manacus manacus, 0.01; Manacus vitellinus, 0.56; Masius 
chrysopterus, 0.35; Neopelma chrysocephalum, 0.49; Pipra fasciicauda, 0.37; Pipra filicauda, 0.37; Piprites chloris, 0.2; 
Tyranneutes stolzmanni, 0.28; Podicipedidae; Aechmophorus occidentalis, 0.34; Podiceps occipitalis, 0.18; Rollandia 
rolland, 0.19; Polioptilidae; Microbates cinereiventris, 0.67; Polioptila albiloris, 0.14; Polioptila californica, 0.9; Polioptila 
dumicola, 0.28; Polioptila melanura, 0.07; Polioptila nigriceps, 0.35; Polioptila plumbea, 0.14; Ramphocaenus melanurus, 
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0.59; Procellariidae; Pterodroma phaeopygia, 0.92; Pterodroma sandwichensis, 0.39; Puffinus opisthomelas, 0.59; 
Puffinus subalaris, 0.61; Psittacidae; Amazona albifrons, 0.44; Amazona auropalliata, 0.26; Amazona autumnalis, 0.39; 
Amazona barbadensis, 1; Amazona collaria, 0.18; Amazona festiva, 0.7; Amazona finschi, 0.13; Amazona leucocephala, 
0.54; Amazona mercenarius, 0.61; Amazona ventralis, 0.26; Amazona vinacea, 0.11; Amazona viridigenalis, 0.33; 
Amazona xantholora, 0.37; Anodorhynchus hyacinthinus, 0.72; Ara ambiguus, 0.37; Ara militaris, 0.34; Aratinga 
weddellii, 0.38; Bolborhynchus lineola, 0.3; Brotogeris chiriri, 0.12; Brotogeris chrysoptera, 0.46; Brotogeris jugularis, 
0.16; Brotogeris pyrrhoptera, 0.31; Brotogeris sanctithomae, 0.32; Brotogeris tirica, 0.51; Deroptyus accipitrinus, 0.36; 
Diopsittaca nobilis, 0.13; Enicognathus ferrugineus, 0.35; Enicognathus leptorhynchus, 0.34; Eupsittula aurea, 0.4; 
Eupsittula canicularis, 0.41; Eupsittula nana, 0.09; Eupsittula pertinax, 0.2; Forpus coelestis, 0.39; Forpus conspicillatus, 
0.43; Forpus cyanopygius, 0.31; Forpus modestus, 0.49; Forpus passerinus, 0.12; Forpus xanthopterygius, 0.08; 
Leptosittaca branickii, 0.91; Orthopsittaca manilatus, 0.38; Pionites leucogaster, 0.78; Pionites melanocephalus, 0.37; 
Pionopsitta pileata, 0.39; Pionus chalcopterus, 0.27; Pionus fuscus, 0.57; Pionus maximiliani, 0.3; Pionus senilis, 0.11; 
Pionus sordidus, 0.64; Pionus tumultuosus, 0.34; Primolius auricollis, 0.23; Primolius couloni, 0.46; Primolius maracana, 
0.38; Psilopsiagon aurifrons, 0.6; Psilopsiagon aymara, 0.23; Psittacara chloropterus, 0.27; Psittacara strenuus, 0.25; 
Pyrilia barrabandi, 0.3; Pyrilia haematotis, 0.22; Pyrilia pulchra, 0.49; Pyrrhura frontalis, 0.5; Pyrrhura hoematotis, 0.89; 
Pyrrhura hoffmanni, 0.6; Pyrrhura melanura, 0.33; Pyrrhura picta, 0.9; Touit batavicus, 0.9; Touit huetii, 0.64; Touit 
purpuratus, 0.34; Psophiidae; Psophia crepitans, 0.11; Psophia leucoptera, 0.76; Ptiliogonatidae; Phainopepla nitens, 
0.25; Phainoptila melanoxantha, 0.35; Ptiliogonys caudatus, 0.59; Ptiliogonys cinereus, 0.22; Rallidae; Amaurolimnas 
concolor, 0.65; Anurolimnas castaneiceps, 0.18; Anurolimnas viridis, 0.28; Aramides axillaris, 0.32; Aramides cajaneus, 
0.06; Aramides saracura, 0.43; Aramides ypecaha, 0.19; Coturnicops noveboracensis, 0.68; Fulica alai, 0.15; Fulica 
ardesiaca, 0.14; Fulica armillata, 0.1; Fulica caribaea, 0.42; Fulica gigantea, 0.24; Fulica leucoptera, 0.23; Fulica 
rufifrons, 0.13; Laterallus albigularis, 0.14; Laterallus exilis, 0.23; Laterallus melanophaius, 0.25; Mustelirallus albicollis, 
0.28; Pardirallus maculatus, 0.31; Pardirallus nigricans, 0.11; Pardirallus sanguinolentus, 0.24; Porphyrio flavirostris, 
0.18; Porphyriops melanops, 0.76; Rallus elegans, 0.4; Rallus limicola, 0.27; Rallus longirostris, 0.24; Ramphastidae; 
Andigena hypoglauca, 0.53; Andigena laminirostris, 0.15; Andigena nigrirostris, 0.31; Aulacorhynchus coeruleicinctis, 
0.29; Aulacorhynchus derbianus, 0.52; Aulacorhynchus haematopygus, 0.6; Aulacorhynchus prasinus, 0.51; 
Aulacorhynchus sulcatus, 0.6; Pteroglossus aracari, 0.34; Pteroglossus azara, 0.37; Pteroglossus bailloni, 0.41; 
Pteroglossus beauharnaesii, 0.46; Pteroglossus bitorquatus, 0.69; Pteroglossus castanotis, 0.16; Pteroglossus frantzii, 
0.42; Pteroglossus inscriptus, 0.32; Pteroglossus pluricinctus, 0.33; Pteroglossus torquatus, 0.19; Pteroglossus viridis, 
0.44; Ramphastos ambiguus, 0.15; Ramphastos brevis, 0.52; Ramphastos dicolorus, 0.33; Ramphastos sulfuratus, 0.26; 
Ramphastos toco, 0.5; Ramphastos vitellinus, 0.18; Selenidera maculirostris, 0.5; Selenidera reinwardtii, 0.44; 
Selenidera spectabilis, 0.73; Recurvirostridae; Himantopus mexicanus, 0.55; Recurvirostra americana, 0.3; 
Recurvirostra andina, 0.49; Regulidae; Regulus calendula, 0.45; Regulus satrapa, 0.2; Remizidae; Auriparus flaviceps, 
0.07; Rheidae; Rhea pennata, 0.15; Rhinocryptidae; Acropternis orthonyx, 0.58; Eugralla paradoxa, 0.44; Liosceles 
thoracicus, 0.68; Merulaxis ater, 0.16; Myornis senilis, 0.48; Psilorhamphus guttatus, 0.43; Pteroptochos castaneus, 
0.32; Pteroptochos megapodius, 0.23; Pteroptochos tarnii, 0.2; Rhinocrypta lanceolata, 0.37; Scelorchilus albicollis, 0.42; 
Scelorchilus rubecula, 0.42; Scytalopus argentifrons, 0.39; Scytalopus atratus, 0.73; Scytalopus femoralis, 0.76; 
Scytalopus fuscus, 0.19; Scytalopus griseicollis, 0.64; Scytalopus latrans, 0.39; Scytalopus magellanicus, 0.43; 
Scytalopus micropterus, 0.89; Scytalopus opacus, 0.36; Scytalopus parkeri, 0.95; Scytalopus parvirostris, 0.29; 
Scytalopus speluncae, 0.69; Scytalopus spillmanni, 0.45; Scytalopus vicinior, 0.51; Rostratulidae; Nycticryphes 
semicollaris, 0.34; Scolopacidae; Arenaria melanocephala, 0.93; Calidris virgata, 0.64; Gallinago andina, 0.16; 
Gallinago paraguaiae, 0.59; Gallinago undulata, 0.72; Limosa fedoa, 0.45; Numenius americanus, 0.33; Scolopax minor, 
0.47; Semnornithidae; Semnornis frantzii, 0.5; Semnornis ramphastinus, 0.9; Sittidae; Sitta pusilla, 0.12; Sitta 
pygmaea, 0.08; Spheniscidae; Spheniscus humboldti, 0.57; Spheniscus magellanicus, 0.58; Spheniscus mendiculus, 
0.26; Steatornithidae; Steatornis caripensis, 0.24; Stercorarius chilensis, 0.73; Strigidae; Aegolius acadicus, 0.2; Asio 
stygius, 0.64; Athene cunicularia, 0.1; Ciccaba albitarsis, 0.54; Ciccaba huhula, 0.2; Ciccaba nigrolineata, 0.34; Ciccaba 
virgata, 0.63; Glaucidium brasilianum, 0.56; Glaucidium gnoma, 0.29; Glaucidium griseiceps, 0.43; Glaucidium hardyi, 
0.49; Glaucidium jardinii, 0.79; Glaucidium nana, 0.73; Glaucidium nubicola, 0.99; Glaucidium palmarum, 0.2; 
Glaucidium peruanum, 0.66; Glaucidium siju, 0.58; Lophostrix cristata, 0.56; Megascops albogularis, 0.76; Megascops 
asio, 0.11; Megascops choliba, 0.08; Megascops clarkii, 0.54; Megascops cooperi, 0.31; Megascops guatemalae, 0.65; 
Megascops kennicottii, 0.34; Megascops nudipes, 0.17; Megascops trichopsis, 0.88; Megascops watsonii, 0.48; 
Micrathene whitneyi, 0.41; Pseudoscops clamator, 0.19; Pseudoscops grammicus, 0.14; Psiloscops flammeolus, 1; 
Pulsatrix melanota, 0.49; Pulsatrix perspicillata, 0.53; Strix occidentalis, 0.57; Strix rufipes, 0.55; Strix varia, 0.54; 
Sulidae; Sula granti, 0.68; Sula nebouxii, 0.28; Sula variegata, 0.27; Thamnophilidae; Batara cinerea, 0.47; 
Cercomacra cinerascens, 0.24; Cercomacra manu, 0.32; Cercomacra nigricans, 0.31; Cercomacroides fuscicauda, 0.17; 
Cercomacroides serva, 0.43; Cercomacroides tyrannina, 0.25; Cymbilaimus lineatus, 0.49; Cymbilaimus sanctaemariae, 
0.34; Drymophila devillei, 0.59; Drymophila ferruginea, 0.67; Drymophila malura, 0.46; Drymophila ochropyga, 0.69; 
Drymophila rubricollis, 0.5; Drymophila squamata, 0.32; Dysithamnus mentalis, 0.11; Dysithamnus puncticeps, 0.38; 
Dysithamnus stictothorax, 0.66; Dysithamnus striaticeps, 0.82; Epinecrophylla erythrura, 0.4; Epinecrophylla fulviventris, 
0.3; Epinecrophylla haematonota, 0.17; Epinecrophylla leucophthalma, 0.55; Epinecrophylla ornata, 0.69; Euchrepomis 
callinota, 0.42; Formicivora grisea, 0.3; Formicivora rufa, 0.29; Gymnocichla nudiceps, 0.44; Gymnopithys leucaspis, 
0.61; Gymnopithys salvini, 0.23; Herpsilochmus atricapillus, 0.29; Herpsilochmus axillaris, 0.32; Herpsilochmus 
longirostris, 0.4; Herpsilochmus rufimarginatus, 0.19; Hylophylax naevioides, 0.72; Hylophylax naevius, 0.29; Hylophylax 
punctulatus, 0.89; Hypocnemis cantator, 0.59; Hypocnemis flavescens, 1; Hypocnemis hypoxantha, 0.54; Hypocnemis 
peruviana, 0.15; Hypocnemis striata, 0.25; Hypocnemis subflava, 0.82; Hypocnemoides maculicauda, 0.46; Hypoedaleus 
guttatus, 0.53; Isleria hauxwelli, 0.46; Mackenziaena leachii, 0.47; Mackenziaena severa, 0.57; Microrhopias quixensis, 
0.83; Myrmeciza atrothorax, 0.37; Myrmeciza exsul, 0.16; Myrmeciza fortis, 0.32; Myrmeciza goeldii, 0.33; Myrmeciza 
hemimelaena, 0.68; Myrmeciza hyperythra, 0.38; Myrmeciza laemosticta, 0.76; Myrmeciza longipes, 0.24; Myrmeciza 
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melanoceps, 0.65; Myrmeciza nigricauda, 0.69; Myrmeciza squamosa, 0.39; Myrmoborus leucophrys, 0.64; Myrmoborus 
myotherinus, 0.36; Myrmorchilus strigilatus, 0.43; Myrmotherula axillaris, 0.34; Myrmotherula brachyura, 0.38; 
Myrmotherula ignota, 0.43; Myrmotherula longicauda, 0.29; Myrmotherula longipennis, 0.34; Myrmotherula menetriesii, 
0.45; Myrmotherula multostriata, 0.44; Myrmotherula pacifica, 0.19; Myrmotherula schisticolor, 0.55; Myrmotherula 
sclateri, 0.28; Myrmotherula unicolor, 0.12; Percnostola lophotes, 0.53; Phaenostictus mcleannani, 0.81; Phlegopsis 
nigromaculata, 0.41; Pithys albifrons, 0.55; Pygiptila stellaris, 0.3; Pyriglena leuconota, 0.6; Pyriglena leucoptera, 0.4; 
Rhopias gularis, 0.56; Sakesphorus canadensis, 0.31; Sakesphorus luctuosus, 0.29; Schistocichla leucostigma, 0.49; 
Sclateria naevia, 0.25; Taraba major, 0.1; Terenura maculata, 0.74; Thamnistes anabatinus, 0.4; Thamnomanes 
ardesiacus, 0.32; Thamnomanes saturninus, 0.15; Thamnomanes schistogynus, 0.7; Thamnophilus aethiops, 0.15; 
Thamnophilus amazonicus, 0.34; Thamnophilus ambiguus, 0.53; Thamnophilus atrinucha, 0.25; Thamnophilus bernardi, 
0.33; Thamnophilus bridgesi, 0.51; Thamnophilus caerulescens, 0.18; Thamnophilus doliatus, 0.28; Thamnophilus 
multistriatus, 0.33; Thamnophilus murinus, 0.38; Thamnophilus nigriceps, 0.67; Thamnophilus palliatus, 0.24; 
Thamnophilus pelzelni, 0.28; Thamnophilus punctatus, 0.28; Thamnophilus ruficapillus, 0.2; Thamnophilus schistaceus, 
0.39; Thamnophilus tenuepunctatus, 0.64; Thamnophilus unicolor, 0.6; Willisornis poecilinotus, 0.25; Thinocoridae; 
Attagis gayi, 0.67; Thinocorus orbignyianus, 0.65; Thinocorus rumicivorus, 0.32; Thraupidae; Acanthidops bairdi, 0.59; 
Anisognathus igniventris, 0.21; Anisognathus lacrymosus, 0.43; Anisognathus notabilis, 0.58; Anisognathus somptuosus, 
0.56; Bangsia arcaei, 0.7; Bangsia edwardsi, 0.29; Buthraupis montana, 0.39; Camarhynchus pallidus, 0.48; 
Camarhynchus parvulus, 0.17; Catamblyrhynchus diadema, 0.25; Catamenia analis, 0.27; Catamenia homochroa, 0.47; 
Catamenia inornata, 0.26; Certhidea fusca, 0.17; Certhidea olivacea, 0.32; Chlorochrysa calliparaea, 0.48; Chlorochrysa 
nitidissima, 0.65; Chlorochrysa phoenicotis, 0.46; Chlorophanes spiza, 0.56; Chlorornis riefferii, 0.39; Chrysothlypis 
chrysomelas, 0.5; Cissopis leverianus, 0.12; Cnemathraupis eximia, 0.2; Cnemoscopus rubrirostris, 0.49; Coereba 
flaveola, 0.49; Conirostrum albifrons, 0.52; Conirostrum bicolor, 0.54; Conirostrum cinereum, 0.23; Conirostrum 
leucogenys, 0.11; Conirostrum rufum, 0.8; Conirostrum sitticolor, 0.27; Conirostrum speciosum, 0.56; Coryphospingus 
cucullatus, 0.22; Coryphospingus pileatus, 0.21; Creurgops verticalis, 0.51; Cyanerpes caeruleus, 0.42; Cyanerpes 
cyaneus, 0.48; Cyanerpes lucidus, 0.45; Cyanerpes nitidus, 0.5; Cypsnagra hirundinacea, 0.21; Dacnis cayana, 0.15; 
Dacnis flaviventer, 0.4; Dacnis lineata, 0.34; Dacnis venusta, 0.77; Diglossa albilatera, 0.22; Diglossa baritula, 0.2; 
Diglossa brunneiventris, 0.64; Diglossa caerulescens, 0.53; Diglossa cyanea, 0.31; Diglossa glauca, 0.53; Diglossa 
humeralis, 0.71; Diglossa indigotica, 0.42; Diglossa lafresnayii, 0.26; Diglossa mystacalis, 0.57; Diglossa plumbea, 0.43; 
Diglossa sittoides, 0.23; Diuca diuca, 0.37; Diuca speculifera, 0.35; Donacospiza albifrons, 0.34; Dubusia 
castaneoventris, 0.39; Dubusia taeniata, 0.41; Emberizoides herbicola, 0.15; Emberizoides ypiranganus, 0.42; 
Embernagra platensis, 0.36; Eucometis penicillata, 0.71; Euneornis campestris, 0.45; Geospiza conirostris, 0.85; 
Geospiza fortis, 0.18; Geospiza fuliginosa, 0.15; Geospiza magnirostris, 0.33; Geospiza scandens, 0.28; Haplospiza 
rustica, 0.39; Haplospiza unicolor, 0.42; Hemispingus atropileus, 0.42; Hemispingus frontalis, 0.28; Hemispingus 
melanotis, 0.4; Hemispingus superciliaris, 0.36; Hemispingus verticalis, 0.14; Hemispingus xanthophthalmus, 0.3; 
Hemithraupis flavicollis, 0.16; Hemithraupis guira, 0.21; Hemithraupis ruficapilla, 0.46; Heterospingus xanthopygius, 0.41; 
Iridophanes pulcherrimus, 0.7; Iridosornis analis, 0.31; Iridosornis jelskii, 0.6; Iridosornis porphyrocephalus, 0.57; 
Iridosornis reinhardti, 0.26; Iridosornis rufivertex, 0.14; Lamprospiza melanoleuca, 0.22; Lanio aurantius, 0.46; Lanio 
fulvus, 0.44; Lanio leucothorax, 0.8; Lanio versicolor, 0.45; Loxigilla barbadensis, 0.24; Loxigilla noctis, 0.31; Loxigilla 
portoricensis, 0.14; Loxigilla violacea, 0.3; Loxipasser anoxanthus, 0.24; Melopyrrha nigra, 0.28; Mitrospingus cassinii, 
0.09; Nemosia pileata, 0.13; Neothraupis fasciata, 0.16; Nesospingus speculiferus, 0.33; Oreomanes fraseri, 0.3; 
Orthogonys chloricterus, 0.57; Paroaria capitata, 0.63; Paroaria dominicana, 0.19; Paroaria nigrogenis, 0.36; 
Phaenicophilus palmarum, 0.24; Phrygilus alaudinus, 0.23; Phrygilus atriceps, 0.35; Phrygilus fruticeti, 0.25; Phrygilus 
gayi, 0.14; Phrygilus patagonicus, 0.44; Phrygilus plebejus, 0.24; Phrygilus punensis, 0.24; Phrygilus unicolor, 0.13; 
Piezorina cinerea, 0.2; Pipraeidea bonariensis, 0.26; Pipraeidea melanonota, 0.09; Platyspiza crassirostris, 0.15; 
Poospiza cabanisi, 0.24; Poospiza caesar, 0.1; Poospiza erythrophrys, 0.39; Poospiza hispaniolensis, 0.56; Poospiza 
lateralis, 0.96; Poospiza melanoleuca, 0.2; Poospiza nigrorufa, 0.34; Poospiza torquata, 0.48; Pyrrhocoma ruficeps, 0.52; 
Ramphocelus bresilius, 0.26; Ramphocelus costaricensis, 0.23; Ramphocelus dimidiatus, 0.11; Ramphocelus 
flammigerus, 0.21; Ramphocelus melanogaster, 0.32; Ramphocelus passerinii, 0.09; Ramphocelus sanguinolentus, 
0.26; Rhodinocichla rosea, 0.12; Rhodospingus cruentus, 0.28; Saltator albicollis, 0.52; Saltator atriceps, 0.23; Saltator 
atricollis, 0.45; Saltator atripennis, 0.42; Saltator aurantiirostris, 0.35; Saltator fuliginosus, 0.69; Saltator grossus, 0.3; 
Saltator maximus, 0.4; Saltator orenocensis, 0.59; Saltator similis, 0.2; Saltator striatipectus, 0.12; Saltatricula multicolor, 
0.36; Schistochlamys melanopis, 0.05; Schistochlamys ruficapillus, 0.52; Sericossypha albocristata, 0.54; Sicalis 
auriventris, 0.73; Sicalis citrina, 0.47; Sicalis columbiana, 0.51; Sicalis lebruni, 0.24; Sicalis luteola, 0.55; Sicalis 
olivascens, 0.31; Sicalis uropygialis, 0.49; Spindalis dominicensis, 0.4; Spindalis nigricephala, 0.34; Spindalis 
portoricensis, 0.06; Spindalis zena, 0.31; Sporophila americana, 0.71; Sporophila caerulescens, 0.48; Sporophila collaris, 
0.24; Sporophila corvina, 0.25; Sporophila crassirostris, 0.57; Sporophila funerea, 0.13; Sporophila hypoxantha, 0.47; 
Sporophila intermedia, 0.42; Sporophila leucoptera, 0.29; Sporophila lineola, 0.57; Sporophila luctuosa, 0.45; Sporophila 
minuta, 0.33; Sporophila murallae, 0.49; Sporophila nigricollis, 0.45; Sporophila peruviana, 0.48; Sporophila plumbea, 
0.3; Sporophila schistacea, 0.54; Sporophila simplex, 0.53; Sporophila telasco, 0.42; Sporophila torqueola, 0.1; 
Stephanophorus diadematus, 0.14; Tachyphonus coronatus, 0.28; Tachyphonus cristatus, 0.1; Tachyphonus delatrii, 
0.34; Tachyphonus luctuosus, 0.47; Tachyphonus phoenicius, 0.68; Tachyphonus rufiventer, 0.32; Tachyphonus rufus, 
0.27; Tachyphonus surinamus, 0.28; Tangara arthus, 0.58; Tangara callophrys, 0.36; Tangara cayana, 0.08; Tangara 
chilensis, 0.31; Tangara chrysotis, 0.85; Tangara cyanicollis, 0.44; Tangara cyanocephala, 0.88; Tangara cyanoptera, 
0.65; Tangara cyanotis, 0.53; Tangara cyanoventris, 0.62; Tangara desmaresti, 0.43; Tangara dowii, 0.42; Tangara 
florida, 0.51; Tangara guttata, 0.41; Tangara gyrola, 0.5; Tangara heinei, 0.35; Tangara icterocephala, 0.2; Tangara 
inornata, 0.5; Tangara labradorides, 0.36; Tangara larvata, 0.36; Tangara lavinia, 0.25; Tangara nigrocincta, 0.37; 
Tangara nigroviridis, 0.36; Tangara palmeri, 0.72; Tangara parzudakii, 0.47; Tangara preciosa, 0.43; Tangara punctata, 
0.37; Tangara ruficervix, 0.37; Tangara rufigula, 0.57; Tangara schrankii, 0.6; Tangara seledon, 0.42; Tangara vassorii, 
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0.29; Tangara velia, 0.68; Tangara viridicollis, 0.37; Tangara vitriolina, 0.38; Tangara xanthocephala, 0.27; Tangara 
xanthogastra, 0.47; Tersina viridis, 0.3; Thlypopsis fulviceps, 0.83; Thlypopsis ornata, 0.38; Thlypopsis ruficeps, 0.8; 
Thlypopsis sordida, 0.18; Thraupis abbas, 0.15; Thraupis cyanocephala, 0.21; Thraupis cyanoptera, 0.6; Thraupis 
glaucocolpa, 0.45; Thraupis ornata, 0.53; Thraupis sayaca, 0.33; Tiaris bicolor, 0.17; Tiaris fuliginosus, 0.23; Tiaris 
obscurus, 0.32; Tiaris olivaceus, 0.1; Trichothraupis melanops, 0.38; Urothraupis stolzmanni, 0.6; Volatinia jacarina, 0.2; 
Xenodacnis parina, 0.52; Xenospingus concolor, 0.65; Threskiornithidae; Cercibis oxycerca, 0.27; Mesembrinibis 
cayennensis, 0.27; Phimosus infuscatus, 0.25; Platalea ajaja, 0.4; Plegadis chihi, 0.86; Theristicus caerulescens, 0.46; 
Theristicus caudatus, 0.19; Theristicus melanopis, 0.29; Tinamidae; Crypturellus atrocapillus, 0.41; Crypturellus bartletti, 
0.26; Crypturellus boucardi, 0.26; Crypturellus cinnamomeus, 0.2; Crypturellus obsoletus, 0.21; Crypturellus parvirostris, 
0.43; Crypturellus soui, 0.39; Crypturellus strigulosus, 0.38; Crypturellus tataupa, 0.29; Crypturellus transfasciatus, 0.46; 
Crypturellus variegatus, 0.43; Eudromia elegans, 0.17; Nothocercus bonapartei, 0.55; Nothocercus julius, 0.42; 
Nothoprocta cinerascens, 0.38; Nothoprocta ornata, 0.28; Nothoprocta pentlandii, 0.26; Nothoprocta perdicaria, 0.93; 
Nothura maculosa, 0.2; Tinamus guttatus, 0.48; Tinamus major, 0.65; Tinamus solitarius, 0.18; Tinamus tao, 0.57; 
Tityridae; Iodopleura isabellae, 0.27; Laniocera hypopyrra, 0.45; Pachyramphus aglaiae, 0.25; Pachyramphus 
castaneus, 0.06; Pachyramphus cinnamomeus, 0.41; Pachyramphus homochrous, 0.36; Pachyramphus major, 0.23; 
Pachyramphus marginatus, 0.2; Pachyramphus minor, 0.45; Pachyramphus niger, 0.05; Pachyramphus polychopterus, 
0.2; Pachyramphus rufus, 0.32; Pachyramphus validus, 0.57; Pachyramphus versicolor, 0.44; Pachyramphus viridis, 
0.21; Schiffornis major, 0.62; Schiffornis turdina, 0.55; Schiffornis virescens, 0.41; Tityra inquisitor, 0.16; Tityra 
semifasciata, 0.59; Xenopsaris albinucha, 0.1; Todidae; Todus angustirostris, 0.44; Todus mexicanus, 0.03; Todus 
multicolor, 0.16; Todus subulatus, 0.24; Todus todus, 0.32; Trochilidae; Abeillia abeillei, 0.38; Adelomyia melanogenys, 
0.36; Aglaeactis cupripennis, 0.31; Aglaiocercus coelestis, 0.47; Aglaiocercus kingii, 0.16; Amazilia amabilis, 0.67; 
Amazilia amazilia, 0.49; Amazilia beryllina, 0.64; Amazilia boucardi, 0.48; Amazilia brevirostris, 0.79; Amazilia candida, 
0.18; Amazilia chionogaster, 0.47; Amazilia cyanocephala, 0.15; Amazilia cyanura, 0.3; Amazilia decora, 0.4; Amazilia 
edward, 0.22; Amazilia fimbriata, 0.08; Amazilia franciae, 0.43; Amazilia lactea, 0.3; Amazilia luciae, 0.57; Amazilia 
rosenbergi, 0.69; Amazilia rutila, 0.03; Amazilia saucerottei, 0.09; Amazilia tobaci, 0.42; Amazilia tzacatl, 0.3; Amazilia 
versicolor, 0.18; Amazilia violiceps, 0.43; Amazilia viridicauda, 0.99; Amazilia viridigaster, 1; Amazilia yucatanensis, 0.38; 
Anthracothorax dominicus, 0.38; Anthracothorax mango, 0.26; Anthracothorax nigricollis, 0.38; Anthracothorax prevostii, 
0.85; Anthracothorax viridis, 0.21; Aphantochroa cirrochloris, 0.75; Archilochus alexandri, 0.71; Archilochus colubris, 
0.65; Atthis ellioti, 0.31; Atthis heloisa, 0.67; Boissonneaua flavescens, 0.33; Boissonneaua jardini, 0.78; Boissonneaua 
matthewsii, 0.36; Calliphlox amethystina, 0.34; Calliphlox bryantae, 0.62; Calliphlox evelynae, 0.22; Calliphlox mitchellii, 
0.78; Calothorax lucifer, 0.94; Calypte anna, 0.14; Calypte costae, 0.61; Campylopterus curvipennis, 0.18; 
Campylopterus ensipennis, 0.36; Campylopterus excellens, 0.54; Campylopterus falcatus, 0.44; Campylopterus 
hemileucurus, 0.27; Campylopterus largipennis, 0.27; Campylopterus rufus, 0.77; Campylopterus villaviscensio, 0.89; 
Chaetocercus bombus, 0.54; Chaetocercus heliodor, 0.54; Chaetocercus mulsant, 0.42; Chalcostigma herrani, 0.37; 
Chalcostigma ruficeps, 0.53; Chalcostigma stanleyi, 0.32; Chalybura buffonii, 0.28; Chalybura urochrysia, 0.64; 
Chlorestes notata, 0.53; Chlorostilbon assimilis, 0.16; Chlorostilbon auriceps, 0.09; Chlorostilbon canivetii, 0.08; 
Chlorostilbon forficatus, 0.3; Chlorostilbon gibsoni, 0.1; Chlorostilbon lucidus, 0.28; Chlorostilbon maugaeus, 0.14; 
Chlorostilbon melanorhynchus, 0.36; Chlorostilbon mellisugus, 0.27; Chlorostilbon ricordii, 0.44; Chlorostilbon swainsonii, 
0.26; Chrysolampis mosquitus, 0.41; Chrysuronia oenone, 0.5; Clytolaema rubricauda, 0.41; Coeligena coeligena, 0.32; 
Coeligena iris, 0.25; Coeligena lutetiae, 0.34; Coeligena phalerata, 0.27; Coeligena torquata, 0.35; Coeligena violifer, 
0.18; Coeligena wilsoni, 0.9; Colibri coruscans, 0.34; Colibri delphinae, 0.21; Colibri serrirostris, 0.39; Colibri thalassinus, 
0.65; Cynanthus latirostris, 0.42; Cynanthus sordidus, 0.46; Damophila julie, 0.4; Discosura conversii, 0.37; Discosura 
popelairii, 0.75; Doricha eliza, 0.41; Doricha enicura, 0.58; Doryfera johannae, 0.67; Doryfera ludovicae, 0.43; Elvira 
chionura, 0.24; Elvira cupreiceps, 0.62; Ensifera ensifera, 0.44; Eriocnemis aline, 0.47; Eriocnemis luciani, 0.96; 
Eriocnemis mosquera, 0.44; Eriocnemis vestita, 0.1; Eugenes fulgens, 0.37; Eulampis holosericeus, 0.13; Eulampis 
jugularis, 0.32; Eupetomena macroura, 0.27; Eupherusa eximia, 0.31; Eupherusa nigriventris, 0.78; Eutoxeres aquila, 
0.23; Florisuga fusca, 0.31; Florisuga mellivora, 0.41; Glaucis aeneus, 0.89; Glaucis hirsutus, 0.41; Haplophaedia 
aureliae, 0.69; Heliangelus amethysticollis, 0.34; Heliangelus exortis, 0.26; Heliangelus micraster, 0.71; Heliangelus 
strophianus, 0.42; Heliangelus viola, 0.31; Heliodoxa aurescens, 0.44; Heliodoxa imperatrix, 0.65; Heliodoxa jacula, 0.2; 
Heliodoxa leadbeateri, 0.6; Heliodoxa rubinoides, 0.28; Heliodoxa schreibersii, 0.95; Heliomaster constantii, 0.42; 
Heliomaster furcifer, 0.65; Heliomaster longirostris, 0.47; Heliothryx auritus, 0.39; Heliothryx barroti, 0.25; Hylocharis 
chrysura, 0.24; Hylocharis cyanus, 0.05; Hylocharis eliciae, 0.35; Hylocharis leucotis, 0.59; Hylocharis sapphirina, 0.25; 
Hylocharis xantusii, 0.84; Klais guimeti, 0.41; Lafresnaya lafresnayi, 0.76; Lampornis amethystinus, 0.1; Lampornis 
calolaemus, 0.62; Lampornis castaneoventris, 0.35; Lampornis clemenciae, 0.52; Lampornis hemileucus, 0.61; 
Lampornis sybillae, 0.63; Lampornis viridipallens, 0.41; Lamprolaima rhami, 0.39; Lepidopyga coeruleogularis, 0.65; 
Lepidopyga goudoti, 0.2; Lesbia nuna, 0.36; Lesbia victoriae, 0.17; Leucippus chlorocercus, 0.86; Leucippus 
taczanowskii, 0.55; Leucochloris albicollis, 0.42; Lophornis chalybeus, 0.4; Lophornis delattrei, 0.61; Lophornis helenae, 
0.45; Lophornis ornatus, 0.75; Mellisuga minima, 0.2; Metallura phoebe, 0.63; Metallura tyrianthina, 0.61; Metallura 
williami, 0.54; Microchera albocoronata, 0.75; Myrmia micrura, 0.48; Myrtis fanny, 0.48; Ocreatus underwoodii, 0.28; 
Oreonympha nobilis, 0.85; Oreotrochilus chimborazo, 0.4; Oreotrochilus estella, 0.45; Oreotrochilus leucopleurus, 0.6; 
Orthorhyncus cristatus, 0.12; Panterpe insignis, 0.66; Patagona gigas, 0.34; Phaeochroa cuvierii, 0.11; Phaethornis 
anthophilus, 0.11; Phaethornis atrimentalis, 0.74; Phaethornis augusti, 0.67; Phaethornis bourcieri, 0.44; Phaethornis 
eurynome, 0.36; Phaethornis griseogularis, 0.68; Phaethornis guy, 0.31; Phaethornis longirostris, 0.25; Phaethornis 
longuemareus, 0.83; Phaethornis malaris, 0.32; Phaethornis pretrei, 0.36; Phaethornis ruber, 0.18; Phaethornis 
squalidus, 0.62; Phaethornis striigularis, 0.45; Phaethornis superciliosus, 0.52; Phaethornis syrmatophorus, 0.44; 
Phaethornis yaruqui, 0.38; Phlogophilus hemileucurus, 0.65; Polytmus guainumbi, 0.13; Pterophanes cyanopterus, 0.17; 
Ramphodon naevius, 0.5; Ramphomicron microrhynchum, 0.17; Rhodopis vesper, 0.17; Sappho sparganurus, 0.3; 
Schistes geoffroyi, 0.56; Selasphorus calliope, 1; Selasphorus flammula, 0.77; Selasphorus platycercus, 0.94; 
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Selasphorus rufus, 0.96; Selasphorus sasin, 0.82; Selasphorus scintilla, 0.57; Sephanoides sephaniodes, 0.65; 
Stephanoxis loddigesii, 0.43; Taphrospilus hypostictus, 0.53; Thalurania colombica, 0.32; Thalurania furcata, 0.23; 
Thalurania glaucopis, 0.55; Thaumastura cora, 0.56; Threnetes leucurus, 0.62; Threnetes ruckeri, 0.21; Tilmatura 
dupontii, 0.42; Trochilus polytmus, 0.24; Urochroa bougueri, 0.4; Urosticte benjamini, 0.99; Troglodytidae; 
Campylorhynchus albobrunneus, 0.54; Campylorhynchus brunneicapillus, 0.05; Campylorhynchus fasciatus, 0.56; 
Campylorhynchus griseus, 0.39; Campylorhynchus gularis, 0.6; Campylorhynchus jocosus, 0.2; Campylorhynchus 
megalopterus, 0.33; Campylorhynchus nuchalis, 0.27; Campylorhynchus rufinucha, 0.23; Campylorhynchus yucatanicus, 
0.34; Campylorhynchus zonatus, 0.7; Cantorchilus guarayanus, 0.28; Cantorchilus longirostris, 0.7; Cantorchilus 
modestus, 0.28; Cantorchilus nigricapillus, 0.17; Cantorchilus semibadius, 0.18; Cantorchilus superciliaris, 0.42; 
Cantorchilus thoracicus, 0.3; Catherpes mexicanus, 0.06; Cinnycerthia olivascens, 0.5; Cinnycerthia unirufa, 0.16; 
Cistothorus palustris, 0.3; Cistothorus platensis, 0.87; Cyphorhinus arada, 0.45; Cyphorhinus phaeocephalus, 0.83; 
Cyphorhinus thoracicus, 0.82; Henicorhina leucophrys, 0.3; Henicorhina leucosticta, 0.33; Microcerculus bambla, 0.64; 
Microcerculus philomela, 0.41; Odontorchilus branickii, 0.42; Pheugopedius atrogularis, 0.44; Pheugopedius coraya, 0.3; 
Pheugopedius eisenmanni, 0.88; Pheugopedius euophrys, 0.35; Pheugopedius fasciatoventris, 0.49; Pheugopedius felix, 
0.16; Pheugopedius genibarbis, 0.28; Pheugopedius maculipectus, 0.19; Pheugopedius mystacalis, 0.28; Pheugopedius 
rutilus, 0.09; Pheugopedius sclateri, 0.66; Salpinctes obsoletus, 0.34; Thryomanes bewickii, 0.05; Thryophilus 
pleurostictus, 0.25; Thryophilus rufalbus, 0.46; Thryophilus sinaloa, 0.18; Thryorchilus browni, 0.65; Thryothorus 
ludovicianus, 0.12; Troglodytes ochraceus, 0.51; Troglodytes rufociliatus, 0.34; Troglodytes solstitialis, 0.29; Uropsila 
leucogastra, 0.07; Trogonidae; Pharomachrus antisianus, 0.75; Pharomachrus auriceps, 0.61; Pharomachrus fulgidus, 
0.69; Pharomachrus pavoninus, 0.62; Priotelus roseigaster, 0.78; Priotelus temnurus, 0.47; Trogon bairdii, 0.41; Trogon 
caligatus, 0.11; Trogon citreolus, 0.16; Trogon comptus, 0.3; Trogon curucui, 0.48; Trogon elegans, 0.31; Trogon 
massena, 0.16; Trogon melanocephalus, 0.24; Trogon melanurus, 0.35; Trogon mesurus, 0.4; Trogon mexicanus, 0.18; 
Trogon personatus, 0.44; Trogon ramonianus, 0.4; Trogon rufus, 0.12; Trogon surrucura, 0.45; Trogon violaceus, 0.7; 
Trogon viridis, 0.15; Turdidae; Catharus aurantiirostris, 0.32; Catharus bicknelli, 1; Catharus dryas, 0.55; Catharus 
frantzii, 0.57; Catharus fuscater, 0.39; Catharus gracilirostris, 0.48; Catharus mexicanus, 0.49; Catharus occidentalis, 
0.43; Entomodestes coracinus, 0.55; Entomodestes leucotis, 0.55; Myadestes genibarbis, 0.27; Myadestes melanops, 
0.38; Myadestes obscurus, 0.76; Myadestes occidentalis, 0.05; Myadestes ralloides, 0.54; Myadestes townsendi, 0.66; 
Myadestes unicolor, 0.16; Ridgwayia pinicola, 0.33; Sialia currucoides, 0.57; Sialia sialis, 0.17; Turdus albicollis, 0.14; 
Turdus amaurochalinus, 0.22; Turdus aurantius, 0.32; Turdus chiguanco, 0.21; Turdus falcklandii, 0.14; Turdus flavipes, 
0.26; Turdus fumigatus, 0.85; Turdus fuscater, 0.44; Turdus grayi, 0.1; Turdus hauxwelli, 0.54; Turdus infuscatus, 0.58; 
Turdus jamaicensis, 0.18; Turdus lawrencii, 0.49; Turdus leucomelas, 0.09; Turdus leucops, 0.63; Turdus lherminieri, 
0.63; Turdus maculirostris, 0.32; Turdus maranonicus, 0.58; Turdus nigrescens, 0.54; Turdus nigriceps, 0.16; Turdus 
nudigenis, 0.5; Turdus obsoletus, 0.53; Turdus olivater, 0.87; Turdus plumbeus, 0.19; Turdus reevei, 0.35; Turdus 
rufitorques, 0.2; Turdus rufiventris, 0.27; Turdus rufopalliatus, 0.79; Turdus serranus, 0.34; Tyrannidae; Agriornis lividus, 
0.64; Agriornis micropterus, 0.58; Agriornis montanus, 0.41; Anairetes flavirostris, 0.23; Anairetes parulus, 0.18; 
Anairetes reguloides, 0.36; Aphanotriccus capitalis, 0.94; Arundinicola leucocephala, 0.09; Atalotriccus pilaris, 0.31; Attila 
bolivianus, 0.38; Attila cinnamomeus, 0.38; Attila citriniventris, 0.54; Attila rufus, 0.51; Attila spadiceus, 0.45; 
Camptostoma imberbe, 0.2; Camptostoma obsoletum, 0.05; Capsiempis flaveola, 0.08; Casiornis rufus, 0.53; 
Cnemarchus erythropygius, 0.3; Cnemotriccus fuscatus, 0.09; Cnipodectes subbrunneus, 0.29; Colonia colonus, 0.12; 
Colorhamphus parvirostris, 0.73; Conopias albovittatus, 0.76; Conopias cinchoneti, 0.73; Conopias parvus, 0.43; 
Conopias trivirgatus, 0.23; Contopus caribaeus, 0.62; Contopus cinereus, 0.7; Contopus cooperi, 0.91; Contopus 
fumigatus, 0.21; Contopus hispaniolensis, 0.27; Contopus latirostris, 0.61; Contopus lugubris, 0.62; Contopus pallidus, 
0.32; Contopus pertinax, 0.29; Contopus sordidulus, 1; Contopus virens, 1; Corythopis delalandi, 0.2; Corythopis 
torquatus, 0.26; Elaenia albiceps, 0.65; Elaenia chiriquensis, 0.4; Elaenia cristata, 0.18; Elaenia fallax, 0.49; Elaenia 
flavogaster, 0.23; Elaenia frantzii, 0.15; Elaenia gigas, 0.82; Elaenia martinica, 0.04; Elaenia obscura, 0.36; Elaenia 
pallatangae, 0.68; Elaenia parvirostris, 0.85; Elaenia spectabilis, 0.55; Empidonax affinis, 0.09; Empidonax atriceps, 
0.71; Empidonax difficilis, 0.96; Empidonax flavescens, 0.21; Empidonax flaviventris, 0.99; Empidonax fulvifrons, 0.64; 
Empidonax hammondii, 0.85; Empidonax oberholseri, 0.88; Empidonax occidentalis, 1; Empidonax traillii, 0.76; 
Empidonax virescens, 1; Empidonomus aurantioatrocristatus, 0.9; Euscarthmus meloryphus, 0.48; Fluvicola albiventer, 
0.69; Fluvicola nengeta, 0.05; Fluvicola pica, 0.3; Gubernetes yetapa, 0.4; Hemitriccus diops, 0.5; Hemitriccus 
flammulatus, 0.75; Hemitriccus granadensis, 0.43; Hemitriccus griseipectus, 0.78; Hemitriccus margaritaceiventer, 0.08; 
Hemitriccus orbitatus, 0.62; Hemitriccus zosterops, 0.35; Hirundinea ferruginea, 0.32; Hymenops perspicillatus, 0.44; 
Inezia caudata, 0.14; Inezia inornata, 0.42; Knipolegus aterrimus, 0.51; Knipolegus cyanirostris, 0.33; Knipolegus 
lophotes, 0.22; Knipolegus nigerrimus, 0.47; Knipolegus poecilurus, 0.29; Lathrotriccus euleri, 0.07; Legatus 
leucophaius, 0.8; Leptopogon amaurocephalus, 0.22; Leptopogon superciliaris, 0.42; Leptopogon taczanowskii, 0.45; 
Lessonia oreas, 0.4; Lessonia rufa, 0.52; Lophotriccus galeatus, 0.6; Lophotriccus pileatus, 0.62; Lophotriccus vitiosus, 
0.5; Machetornis rixosa, 0.11; Mecocerculus calopterus, 0.11; Mecocerculus leucophrys, 0.27; Mecocerculus minor, 
0.69; Mecocerculus poecilocercus, 0.51; Mecocerculus stictopterus, 0.29; Mionectes macconnelli, 0.57; Mionectes 
oleagineus, 0.39; Mionectes olivaceus, 0.57; Mionectes rufiventris, 0.23; Mionectes striaticollis, 0.32; Mitrephanes 
phaeocercus, 0.42; Muscigralla brevicauda, 0.58; Muscipipra vetula, 0.53; Muscisaxicola albifrons, 0.44; Muscisaxicola 
albilora, 1; Muscisaxicola alpinus, 0.96; Muscisaxicola capistratus, 0.54; Muscisaxicola cinereus, 0.66; Muscisaxicola 
flavinucha, 1; Muscisaxicola fluviatilis, 0.31; Muscisaxicola frontalis, 0.93; Muscisaxicola griseus, 0.33; Muscisaxicola 
juninensis, 0.5; Muscisaxicola maclovianus, 0.82; Muscisaxicola maculirostris, 0.56; Muscisaxicola rufivertex, 0.42; 
Myiarchus antillarum, 0.05; Myiarchus apicalis, 0.38; Myiarchus barbirostris, 0.19; Myiarchus cephalotes, 0.58; 
Myiarchus cinerascens, 0.71; Myiarchus crinitus, 0.91; Myiarchus ferox, 0.16; Myiarchus magnirostris, 0.09; Myiarchus 
nuttingi, 0.43; Myiarchus oberi, 0.1; Myiarchus panamensis, 0.46; Myiarchus phaeocephalus, 0.3; Myiarchus sagrae, 
0.17; Myiarchus stolidus, 0.1; Myiarchus swainsoni, 0.5; Myiarchus tuberculifer, 0.48; Myiarchus validus, 0.11; Myiarchus 
venezuelensis, 0.36; Myiarchus yucatanensis, 0.19; Myiobius atricaudus, 0.31; Myiobius barbatus, 0.16; Myiobius 
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sulphureipygius, 0.11; Myiobius villosus, 0.85; Myiodynastes bairdii, 0.31; Myiodynastes chrysocephalus, 0.31; 
Myiodynastes hemichrysus, 0.67; Myiodynastes luteiventris, 0.97; Myiodynastes maculatus, 0.5; Myiopagis cotta, 0.18; 
Myiopagis gaimardii, 0.27; Myiopagis subplacens, 0.41; Myiopagis viridicata, 0.35; Myiophobus cryptoxanthus, 0.63; 
Myiophobus fasciatus, 0.22; Myiophobus flavicans, 0.45; Myiornis atricapillus, 0.22; Myiornis auricularis, 0.26; Myiornis 
ecaudatus, 0.33; Myiotheretes fumigatus, 0.46; Myiotheretes striaticollis, 0.03; Myiotriccus ornatus, 0.66; Myiozetetes 
cayanensis, 0.27; Myiozetetes granadensis, 0.65; Nephelomyias pulcher, 0.86; Ochthoeca cinnamomeiventris, 0.33; 
Ochthoeca diadema, 0.59; Ochthoeca frontalis, 0.58; Ochthoeca fumicolor, 0.29; Ochthoeca leucophrys, 0.62; 
Ochthoeca oenanthoides, 0.35; Ochthoeca rufipectoralis, 0.34; Ochthornis littoralis, 0.37; Oncostoma cinereigulare, 0.1; 
Oncostoma olivaceum, 0.71; Onychorhynchus coronatus, 0.85; Ornithion brunneicapillus, 0.14; Ornithion inerme, 0.44; 
Ornithion semiflavum, 0.44; Phaeomyias murina, 0.16; Phelpsia inornata, 0.58; Phyllomyias burmeisteri, 0.23; 
Phyllomyias cinereiceps, 0.32; Phyllomyias fasciatus, 0.49; Phyllomyias griseiceps, 0.2; Phyllomyias griseocapilla, 0.66; 
Phyllomyias nigrocapillus, 0.21; Phyllomyias sclateri, 0.55; Phyllomyias uropygialis, 0.57; Phyllomyias virescens, 0.55; 
Phylloscartes gualaquizae, 0.74; Phylloscartes ophthalmicus, 0.34; Phylloscartes poecilotis, 0.8; Phylloscartes 
superciliaris, 0.1; Phylloscartes ventralis, 0.12; Platyrinchus cancrominus, 0.2; Platyrinchus coronatus, 0.61; Platyrinchus 
mystaceus, 0.05; Platyrinchus platyrhynchos, 0.25; Poecilotriccus latirostris, 0.35; Poecilotriccus plumbeiceps, 0.35; 
Poecilotriccus ruficeps, 0.57; Poecilotriccus sylvia, 0.29; Polioxolmis rufipennis, 0.4; Pseudelaenia leucospodia, 0.65; 
Pseudocolopteryx flaviventris, 0.7; Pseudotriccus pelzelni, 0.81; Pseudotriccus ruficeps, 0.59; Pyrocephalus rubinus, 
0.42; Pyrrhomyias cinnamomeus, 0.35; Ramphotrigon fuscicauda, 0.58; Ramphotrigon megacephalum, 0.48; 
Ramphotrigon ruficauda, 0.3; Rhynchocyclus brevirostris, 0.36; Rhynchocyclus olivaceus, 0.34; Rhytipterna holerythra, 
0.29; Rhytipterna simplex, 0.19; Satrapa icterophrys, 0.53; Sayornis phoebe, 0.54; Sayornis saya, 0.37; Serpophaga 
cinerea, 0.17; Serpophaga griseicapilla, 0.37; Serpophaga munda, 0.43; Serpophaga nigricans, 0.3; Serpophaga 
subcristata, 0.16; Sirystes albocinereus, 0.39; Stigmatura budytoides, 0.74; Sublegatus arenarum, 0.16; Sublegatus 
modestus, 0.39; Suiriri suiriri, 0.54; Tachuris rubrigastra, 0.14; Terenotriccus erythrurus, 0.51; Todirostrum 
chrysocrotaphum, 0.39; Todirostrum cinereum, 0.48; Todirostrum nigriceps, 0.31; Todirostrum poliocephalum, 0.44; 
Tolmomyias assimilis, 0.46; Tolmomyias flaviventris, 0.08; Tolmomyias poliocephalus, 0.47; Tolmomyias sulphurescens, 
0.06; Tyrannopsis sulphurea, 0.21; Tyrannulus elatus, 0.28; Tyrannus caudifasciatus, 0.2; Tyrannus couchii, 0.59; 
Tyrannus crassirostris, 0.44; Tyrannus dominicensis, 0.7; Tyrannus forficatus, 0.84; Tyrannus niveigularis, 0.72; 
Tyrannus savana, 0.5; Tyrannus tyrannus, 0.91; Tyrannus verticalis, 0.87; Tyrannus vociferans, 0.47; Xenotriccus 
mexicanus, 0.65; Xolmis cinereus, 0.16; Xolmis irupero, 0.46; Xolmis pyrope, 0.53; Xolmis velatus, 0.3; Zimmerius acer, 
0.67; Zimmerius albigularis, 0.76; Zimmerius chrysops, 0.26; Zimmerius gracilipes, 0.37; Zimmerius vilissimus, 0.46; 
Vireonidae; Cyclarhis gujanensis, 0.07; Cyclarhis nigrirostris, 0.24; Hylophilus flavipes, 0.29; Hylophilus olivaceus, 0.78; 
Hylophilus pectoralis, 0.32; Hylophilus poicilotis, 0.39; Hylophilus semicinereus, 0.36; Hylophilus thoracicus, 0.14; 
Pachysylvia aurantiifrons, 0.4; Pachysylvia decurtata, 0.59; Pachysylvia hypoxantha, 0.31; Pachysylvia muscicapina, 
0.61; Pachysylvia semibrunnea, 0.66; Tunchiornis ochraceiceps, 0.57; Vireo altiloquus, 0.85; Vireo atricapilla, 1; Vireo 
bairdi, 0.23; Vireo bellii, 0.52; Vireo brevipennis, 0.03; Vireo carmioli, 0.39; Vireo cassinii, 0.93; Vireo crassirostris, 0.24; 
Vireo flavoviridis, 0.75; Vireo gilvus, 0.85; Vireo griseus, 0.54; Vireo gundlachii, 0.25; Vireo huttoni, 0.47; Vireo 
hypochryseus, 0.37; Vireo latimeri, 0.11; Vireo leucophrys, 0.27; Vireo magister, 0.16; Vireo modestus, 0.31; Vireo 
pallens, 0.47; Vireo plumbeus, 0.72; Vireo solitarius, 0.68; Vireo vicinior, 0.75; Vireolanius leucotis, 0.24; Vireolanius 
melitophrys, 0.35; Vireolanius pulchellus, 0.44. 
 
9.2 Chapter 5 
Elucidating global patterns of effort for avian data 
Supplementary Data: Partial Plots from Random Forest. 
Figure S1: Partial plots for the 21 predictor variables for Random Forest predictions of the 
effort in GBIF data for birds globally. Partial dependence is the dependence of the 
probability of presence on one predictor variable after averaging out the effects of the other 
predictor variables in the model (Cutler et al. 2007). Artificial night lights, additionally to 
being the top most important variable in the full model, presented a very linear and 
monotypic relationship with the response variable. 
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